Synthèse et étude de nouveaux précurseurs pour une imagerie bimodale optique/TEP ou TEMP by Brizet, Bertrand
 





à l’UNIVERSITÉ DE BOURGOGNE 
 
Pour obtenir le titre de 
 
DOCTEUR DE L’UNIVERSITÉ DE BOURGOGNE 
 




à l’UNIVERSITÉ DE SHERBROOKE 
 
Pour obtenir le titre de 
 





Bertrand Brizet  
 




Synthèse et étude de nouveaux précurseurs pour une 








Raymond ZIESSEL      Directeur de recherche au CNRS, Strasbourg            Rapporteur 
 
Eric BENOIST       Professeur à l'Université de Toulouse             Rapporteur 
 
Christine GOZE       Maître de Conférence à l'Université de Bourgogne         Éxaminateur 
 
Yue ZHAO       Professeur à l'Université de Sherbrooke             Éxaminateur 
 
Pierre D. HARVEY      Professeur à l'Université de Sherbrooke             Co-directeur 
 






SYNTHÈSE ET ETUDE DE NOUVEAUX PRÉCURSEURS 















Thèse en cotutelle présentée 
 
 
au Département de chimie en vue 
de l'obtention du grade de Philosophiæ doctor (Ph. D.) 
FACULTÉ DES SCIENCES, UNIVERSITÉ DE SHERBROOKE 
 
 
à la Faculté des Sciences et des Techniques en vue 
de l'obtention du grade de Docteur 
















le jury a accepté la thèse de monsieur Bertrand Brizet 




Membres du jury 
 
 
Professeur Raymond Ziessel 





Professeur Eric Benoist 





Docteur Christine Goze 





Professeur Yue Zhao 





Professeur P. D. Harvey 





Professeur Franck Denat 













Ce! travail! de! thèse,! réalisé! au! sein! de! l’Institut! de! Chimie! Moléculaire! de!
l’Université! de!Bourgogne! et! de! la! Faculté! des! Sciences! de! l’Université! de! Sherbrooke!
s’est!déroulé!sous!la!direction!des!Professeurs!Franck!Denat!et!Pierre!D.!Harvey.!Je!vous!
suis! très! reconnaissant! de! m’avoir! chaleureusement! accueilli! dans! vos! laboratoires!
respectifs! et! de! m’avoir! fait! confiance! au! cours! de! ces! années! de! doctorat.! Je! garde!




Je! remercie! les! Professeurs! Eric! Benoist! et! Yue! Zhao! qui! ont! accepté! de! faire!
partie!du!jury!de!thèse,!ainsi!que!le!Professeur!Raymond!Ziessel!qui!m’a!fait!l’honneur!de!




















Claude! Gros! (collaborations),! Marie! Jo! et! Fanny! (spectrométrie! de! masse),! Christine!
Stern! et! Alain! Tabard! (informatique),! Mathieu! (informatique! aussi...),! Shawkat! Ali! et!
Anthony! Lapprand! (photophysique),! Michel! Meyer! (Fluorimètre),! Philippe! Richard,!
Adam!et!Antoine! (calculs!DFT),! Yoann!Rousselin! (cristallographie).!Merci! également! à!





Avant! d’attaquer! la! partie! un! peu! plus! fun! de! ces! remerciements,! j’adresse! un!
tendre!merci! à!Marc! Pirrota! pour! tous! les! bons!moments! passés! au! laboratoire! en! ta!
compagnie:!la!pureté!des!BODIPY!que!tu!as!synthétisés!pour!le!laboratoire!n’a!d’égal!que!




Puisque! j’ai! presque! épuisé! mon! répertoire! de! formule! de! remerciements,!
j’énumererai! un! peu! dans! le! désordre! toutes! les! personnes! que! j’associe! aux! bons!
moments! passés! aux! cours! de! ma! thèse.! Certains! d’entre! eux! se! sont! appropriés!
d’étranges!surnoms,!c’est!le!cas!notamment!des!trois!indissociables!mousquetaires!alias!
Biquet,!la!Mouche!et!la!Burne!(on!se!demande!encore!lequel!est!le!pire...).!Ajoutons!Spot,!
Mr! Paulin,!MarieWJo,! Paulette,! Semra! la! frangine,!Mylène,! la! Bûche,! Frück,! Stéphane! la!
Marte,! la! Spiele,! Adrien! et! la! Fougasse;! les! anciens! du! R13! :! Nicolas! Sok,! La!maindre,!
Yulia,!Aline!Nonat,!Sarah!Pegaz!;! les!anciens!du!Master,!en!particulier!Margot,!Mathieu,!
Vincent,! Loïc! et!Khaled! ;! les! collègues! et! amis! du!Québec,!Hugo,! Jo! et!Martin,! Arnaud,!












































































































































































































L'imagerie+médicale+ regroupe+ les+moyens+ d'acquisition+ et+ de+ restitution+ d'images+
qui+permettent+de+visualiser+indirectement+l'anatomie,+la+physiologie+et+le+métabolisme+
du+ corps+ humain+ en+ créant+ une+ représentation+ visuelle+ d'une+ zone+ ciblée.+ C'est+
aujourd'hui+ un+ outil+ incontournable+ dans+ le+ diagnostic+ et+ le+ traitement+ de+ différentes+
pathologies.+ L'IRM+ (Imagerie+ par+ Résonance+ Magnétique),+ le+ scanner+ (CT+ pour+
computerized+ tomography),+et+ l'échographie+sont+des+méthodes+qui+ont+ largement+ fait+
leurs+ preuves+ dans+ le+ domaine+ de+ l'imagerie+ dite+ anatomique+ ou+ structurale,+ qui+
permettent+ d'obtenir+ des+ informations+ sur+ la+ structure+ des+ organes.+ Ces+ méthodes+
d'imagerie+ ont+ cependant+ leurs+ limites+ car+ elles+ ne+ permettent+ pas+ de+ visualiser+ des+
processus+ à+ l'échelle+ cellulaire+ et+ moléculaire.+ Certaines+ pathologies,+ notamment+ le+
cancer,+ se+ manifestent+ d'abord+ par+ des+ changements+ biochimiques,+ et+ non+
morphologiques.+ Ce+ sont+ les+ méthodes+ d'imagerie+ moléculaire+ (ou+ imagerie+
fonctionnelle)+ qui+ permettent+ de+ répondre+ à+ cette+ problématique.1+ Elles+ requièrent+
généralement+l'utilisation+de+traceurs+vectorisés+visJàJvis+d'une+zone+d'intérêt.+Parmi+les+
méthodes+ d'imagerie+ fonctionnelle,+ les+ techniques+ d'imagerie+ nucléaire+ (tomographie+
par+ émission+ de+ positons,+ TEP+ et+ tomoscintigraphie+ par+ émission+ monophotonique,+
TEMP)+ sont+ les+ plus+ couramment+ utilisées,2+ il+ faut+ citer+ également+ certaines+ études+
IRM.3+ L'imagerie+ optique+ par+ fluorescence+ est+ une+ méthode+ d'imagerie+ fonctionnelle+
récente,+en+plein+développement.+Sa+grande+sensibilité+et+le+fait+de+pouvoir+obtenir+des+
images+ bien+ résolues+ en+ quasiJtemps+ réel+ en+ font+ une+ modalité+ d'imagerie+ très+
prometteuse,+tant+au+stade+clinique+que+préJclinique.4++
L'utilisation+ simultanée+ de+ plusieurs+méthodes+ d'imagerie,+ appelée+multimodalité,+
est+une+ approche+en+plein+développement.+Elle+permet+de+ cumuler+ certains+ avantages+
inhérents+à+chacune+des+techniques+et+d'accéder+à+des+informations+uniques,+permettant+
de+rendre+le+diagnostic+plus+précis.+Les+combinaisons+TEP/CT+et+SPECT/CT,+par+exemple+
sont+ courament+ utilisées+ dans+ les+ centres+ hospitaliers,+ tandis+ que+ des+ associations+
TEP/IRM,+ optique/IRM,+ optique/TEMP+ ou+ optique/TEP+ sont+ actuellement+ à+ l’étude.+

















Élaboration! de! traceurs! adaptés! à! l'imagerie! bimodale! optique! et! nucléaire.! Ce+
travail+de+synthèse+est+ réalisé+à+ l'Université+de+Bourgogne.+L'objectif+ est+d'élaborer+de+
nouvelles+méthodes+de+radiomarquage+d'un+fluorophore+de+type+BODIPY,+et+de+le+lier+à+






Caractérisations! photophysiques! des! composés! élaborés.! Ce+ travail+ est+ réalisé+ à+
l'Université+de+Sherbrooke.+Il+permet+d'étudier+les+propriétés+luminescentes+des+BODIPY++
synthétisés+à+Dijon,+et+de+connaître+ l'influence+sur+ces+propriétés+des+différentes+postJ








images+à+partir+de+ la+détection+de+photons.+Elle+a+ longtemps+souffert+de+ l'ombre+créée+
par+ le+ développement+ de+ techniques+ d'imagerie+ très+ performantes+ et+ bien+ implantées+
dans+les+hôpitaux.+La+radiologie+a+su+s'imposer+dès+le+début+du+XXe+siècle+comme+un+outil+
efficace.+Elle+a+été+suivie+dans+les+années+1950+par+l'essor+de+l'échographie.+Les+années+
1970+ ont+ connu+ le+ boom+ de+ l'imagerie+ :+ début+ du+ scanner+ (CT+ pour+ Computerized+
Tomography),+de+ l'IRM,+mise+en+place+de+ la+médecine+nucléaire+marquant+ le+début+de+
l'imagerie+ fonctionnelle.+ Ces+ différentes+ techniques+ ont+ su+ démontrer+ leur+ intérêt+
médical+et+se+sont+progressivement+imposées+dans+la+communauté+médicale+comme+des+
outils+ de+ diagnostic+ incontournables.+ La+ seconde+ piste+ permettant+ d'expliquer+
l'émergence+ tardive+ des+ méthodes+ optiques+ dans+ le+ monde+ de+ l'imagerie+ tient+ à+ la+
réponse+ physique+ des+ tissus+ biologiques+ lorsqu'ils+ sont+ éclairés+ :+ ils+ absorbent+ et+
diffusent+ le+ rayonnement,+ ce+ qui+ limite+ la+ profondeur+ d'observation.+ Ces+ deux+ raisons+
expliquent+en+grande+partie+ les+ limitations+de+ l'utilisation+de+ la+ lumière+visible+dans+ le+














Le+ second+ avantage+ notable+ de+ l'imagerie+ optique+ est+ son+ excellente+ résolution+
temporelle.+ Des+ images+ en+ quasiJtemps+ réel+ peuvent+ être+ obtenues.+ En+ comparaison,+
l'IRM+qui+est+limitée+par+sa+sensibilité+nécessitera+un+temps+d'acquisition+plus+long+pour+
obtenir+une+ image+bien+définie.+Cette+particularité+ est+un+atout+ important+ en+ imagerie+
fonctionnelle,+les+processus+biochimiques+à+étudier+se+déroulant+parfois+à+l'échelle+de+la+
seconde.+
Finalement,+ l'imagerie+ optique+ est+ une+ méthode+ relativement+ accessible,+ en+
comparaison+ aux+ méthodes+ d'imagerie+ classiques.+ L'appareillage+ classique+ pour+ un+
examen+ d'imagerie+ optique+ est+ constitué+ d'un+ détecteur+ photonique,+ une+ caméra+ CCD+
















































































































































































































































































La# fluorescence# est# définie# comme# la# propriété# que# possèdent# certaines#
molécules#appelées#fluorophores#à#absorber#la#lumière#et#à#la#réémettre#sous#forme#de#







L'ensemble# des# processus# photophysiques# se# divise# en# deux# familles.# Les#
processus#radiatifs#dans#lesquels#le#système#absorbe#ou#émet#un#photon#et#les#processus#
















Chapitre I.1 : L'imagerie optique par fluorescence 
 
 19#
sens#où# s'ils# se#produisent# l'émission#d'un#photon#n'a#pas# lieu# (en#anglais#on#parle#de#
quenching).##
L'absorption# d’un# photon# par# une# molécule# induit# une# transition# électronique#
allant# d’une# orbitale# moléculaire# de# niveau# d’énergie# inférieure# à# supérieur.# Pour# la#
transition# de# plus# basse# énergie,# la# molécule# passe# de# son# état# fondamental,#
généralement# singulet#S0,# à# un# état# excité#S1.# L'efficacité# de# l'absorption# à# la# longueur#
d'onde#λ#est#caractérisée#par#le#coefficient#d'extinction#molaire#ε#(λ).#Après#l'absorption#
d'un# photon,# la# molécule# est# portée# dans# un# état# Sn# électroniquement# et#
vibrationnellement#excité.#Elle#relaxe#alors#très#rapidement#(de#quelques#femtosecondes#
à#quelques#picosecondes)#son#excédent#d'énergie#vibrationnelle#pour#se#placer#dans# le#




vibrationnels# de# l'état# fondamental# S0.# Elle# se# produit# entre# 10E10# et# 10E7# sec# après#
l'absorption#d'un#photon#et#conduit#à#l'émission#d'un#photon#appellée#fluorescence#car#il#
n’y#a#pas#de#changement#de#multiplicité.#C'est#un#processus#radiatif#en#compétition#avec#




phosphorescence# et# le# croisement# interEsystème# sont# des# transitions# entre# états#
électroniques# de# multiplicités# différentes# dont# la# probabilité# n'est# significative# qu'en#
présence,# entre# autres,# d'un# couplage# spinEorbite# important.# La# présence# sur# le#
fluorophore#d'un#atome#lourd#par#exemple,#est#un#facteur#favorisant#le#croisement#interE
système.#Les#processus#qui#dépeuplent#l'état#excité#sont#quantifiés#par#deux#paramètres#




émis# à# une# longueur# d’onde#donnée.# Le# spectre# est# enregistré# en#mesurant# l'intensité#




d’onde# par# rapport# au# spectre# d’absorption.# Cela# provient# du# fait# que# la# molécule#
retourne#à# son#état# fondamental# à#partir#du#niveau#de#vibration# le#plus#bas# (v’#=#0,# cf#
Figure# # 2# a)# de# l'état# excité# S1# (Règle# de# Kasha).# Il# y# a# donc# une# dissipation# partielle#
d'énergie# plus# ou#moins# importante# avant# l'émission# fluorescente.# Cette# différence# de#
longueur#d'onde#entre#le#maximum#d'absorption#(plus#précisément#de#v#=#0#à#v’#=#0#dans#
les#spectres#vibroniquement#résolus)#et#le#maximum#d'émission#(plus#précisément#de#v’#











converti# en# énergie# vibrationnelle# (i.e.# RV)# et# rotationnelle# (si# à# l’état# gazeux).# Par#
analogie# à# l'absorption,# la# molécule# relaxant# par# fluorescence# peut# se# retrouver# sur#
différents# niveaux# vibrationnels# de# l'état# fondamental# S0#(v# =# 0,# 1,# 2,# 3…).# Cette# plage#






=# La# forme#du#spectre#d’émission#est# indépendante#de# la# longueur#d’onde#d’excitation.#










































! Spectre* d'excitation.# Il# représente# les# variations# de# l'intensité# de# fluorescence# en#
fonction# de# la# longueur# d'onde# d'excitation.# En# principe,# si# aucun# autre# processus#
physique#ou# chimique#ne# survient,# il# est# superposable# au# spectre#d'absorption#qui# est#








concentration,# l’indice# de# réfration# et# la# polarité# du# solvant.# Dans# l'hypothèse# d'un#







Le# rendement# quantique# se# mesure# généralement# par# comparaison# avec# des#
fluorophores# de# référence# pour# lesquels# le# rendement# quantique# a# été# déterminé# par#
méthodes#calorimétriques,#ou#par#sphère#d'intégration.#
La#durée#de#vie#moyenne#de#la#molécule#dans#l’état#excité#S1#ou#temps#de#vie#de#










Pour# un# processus# unimoléculaire# (i.e.# réaction# d’ordre# 1),# la# décroissance# de#
l'intensité#de#fluorescence#suit#une#loi#exponentielle#en#fonction#du#temps#:#
















fluorescence# observée# immédiatement# après# excitation# à# t# =# 0.# Le# temps# de# vie# de#
fluorescence# τ# représente# le# temps# pour# lequel# l'intensité# de# fluorescence# initiale#
diminue#de#1/e# (soit# environ#37#%).#Le# temps#de#vie#de# fluorescence#est#mesuré#avec#
des#méthodes# résolues# en# temps,# en# enregistrant# le# déclin# de# fluorescence# après# une#
excitation#pulsée.#
Le#rendement#quantique#et#le#temps#de#vie#de#fluorescence#sont#deux#paramètres#
très# dépendants# de# l'environnement# de# la# molécule# fluorescente,# notamment# de#
l'oxygénation,#de#la#température#et#de#la#viscosité#du#milieu,#mais#aussi#de#la#nature#des#
substituants# portés# par# le# fluorophore.# Ils# peuvent# permettre# donc# de# suivre# les#




faible# profondeur# d'observation.# Différentes# intéractions# de# la# lumière# avec# les# tissus#





ultraEviolets,# des# rayons# infrarouges# et# des# rayons#X#pour# l’analyse#ou# la#modification#
d’objets# biologiques# par# nature# complexes.# Elle# consiste# notamment# à# étudier# la#
propagation#de# la# lumière# en#milieu#biologique.# Les# tissus#biologiques# sont# constitués#
d’un#grand#nombre#de#structures#de#formes#et#de#tailles#diverses#(cellules,#membranes,#
vaisseaux)# qui# empêchent# la# lumière# de# se# propager# en# ligne# droite# (phénomènes# de#
réfraction# et# de# diffusion).# Certaines# molécules# (chromophores)# interagissent#
directement# avec# la# lumière# en# absorbant# les# photons,# et# en# réémettant# ou# non# des#
photons# de# fluorescence,# ce# qui# limite# la# pénétrabilité# de# la# lumière.# Ces# paramètres#
interviennent#dans#les#algorithmes#de#reconstruction#utilisés#pour#réaliser#les#images.#Il#
est# donc# important# de# les# identifier# et# de# les# quantifier# en# fonction# de# la# nature# des#
tissus#étudiés.  
#
! La* réfraction.# L'indice# de# réfraction# n# d’un# milieu# caractérise# la# vitesse# de# phase#
(vitesse#à#laquelle#se#propage#l'onde#dans#l'espace)#de#l’onde#électromagnétique#dans#ce#
milieu.# Il# permet# de# quantifier# la# réfringence# du# tissu,# soit# sa# tendance# à# dévier# les#
rayons# lumineux.# La# lumière# est# déviée# lorsqu'elle# passe# à# l'interface#de#deux#milieux#











entre# les# deux# milieux.# Après# réflexion,# l'onde# reste# dans# son# milieu# de# propagation#
initial.# Le# coefficient# de# réflexion# qui# permet# de# quantifier# ce# phénomène# dépend# des#





Dans# les# milieux# biologiques,# la# réfraction# peut# se# produire# à# l'échelle#
macroscopique,# à# l'interface# entre# deux# tissus# d'indice# de# réfraction# différents.# Elle#
existe# également# à# l'échelle# microscopique,# au# niveau# des# cellules.# Des# variations# de#
salinité# et# de# concentration# de# substituants# entre# les# différents# compartiments#
cellulaires# ainsi# que# les# membranes# phospholipidiques# qui# les# séparent# les# uns# des#
autres# génèrent# des# réfractions# en# chaîne# des# photons# qui# pénètrent# les# tissus.# Ces#
phénomènes#sont#à#la#base#de#la#diffusion#de#la#lumière#dans#les#milieux#biologiques.##
#
! La* diffusion.# La# diffusion# de# la# lumière# se# produit# lorsqu’une# onde#
électromagnétique# rencontre#une#particule# d’indice#de# réfraction#différent# de# celui# du#
milieu# environnant.# La# particule# se# comporte# alors# comme# une# source# de# lumière#
secondaire#avec#une#distribution#angulaire#d’intensité#qui#lui#est#propre,#et#qui#dépend#
en#particulier#de# sa# taille,#de# son# indice#de# réfraction,# ainsi#que#de# la# longueur#d’onde#
d’illumination.#Différents#modèles#mathématiques#permettent#de# calculer# l’angle#entre#
la#direction#de#l’onde#incidente#et#la#direction#de#l’onde#diffusée.#La#taille#de#la#particule#
par# rapport# à# la# longueur# d'onde# dicte# le# choix# du#modèle# le# plus# adapté.# Les# petites#
structures#diffusent#de#façon#quasi#isotrope#(régime#de#Rayleigh)#alors#que#celles#qui#ont#
des# tailles# supérieures# à# quelques#microns# relèvent# du# régime# de#Mie,# dans# lequel# la#
diffusion#est#dirigée#vers#l’avant,#selon#la#direction#du#faisceau#incident.#Lorsque#la#taille#
des# particules# est# beaucoup# plus# grande# que# la# longueur# d'onde,# les# lois# de# l'optique#


















qui# s'applique# aux# longueurs# d'onde# de# la# fenêtre# thérapeutique.# Dans# ce# régime,# la#
répartition# spatiale# de# la# lumière# est# diffusée# vers# l'avant.# Le# diagramme#de# diffusion#







Les# organelles# étant# de# tailles# variées# (Figure# # 5),# il# est# cependant# difficile# de#
prédire#précisément#les#caractéristiques#de#diffusion#des#tissus#biologiques.#On#raisonne#
donc# avec# un# cœfficient# de# diffusion# moyen# caractérisant# le# milieu.# Ce# coefficient# de#
diffusion#μs#(lui#aussi#généralement#exprimé#en#cmE1)#est#indirectement#proportionnel#au#





Une# autre# grandeur# caractéristique# de# la# diffusion# en# milieu# biologique# est# le#
facteur#d'anisotropie#g.#Il#permet#de#caractériser#la#distribution#angulaire#de#la#diffusion.#
La#Figure# #6# illustre# l'influence#du#facteur#d'anisotropie#sur# le#diagramme#de#diffusion.#
Pour# une# diffusion# parfaitement# isotrope# (indépendante# de# la# direction# du# photon#
incident,#donc#avec#une#grande#incertitude#sur#l'angle#de#rediffusion),#g#est#nul.#Il#vaut#1#
dans# le# cas# d'une# diffusion# complètement# vers# l'avant# (ce# qui# équivaudrait# à# une#
propagation# sans# diffusion).# Dans# les# tissus# biologiques,# la# diffusion# se# fait#
préférentiellement# vers# l’avant,# avec#un# facteur#d’anisotropie# de# l’ordre#de#0,7# à# 0,99.#
Quelques# valeurs# de# coefficient# de# diffusion# et# de# facteur# d'anisotropie# dans# certains#





















La# diffusion# constitue# donc# un# frein# à# la# propagation# de# la# lumière# dans# les# tissus#
biologiques.###
#
! L'absorption.# A# l’échelle# moléculaire,# l’absorption# d’un# photon# incident# sur# une#
molécule# se# produit# lorsque# l’énergie# de# ce# photon# correspond# à# une# énergie# de#
transition# électronique,# vibrationnelle# ou# rotationnelle# de# la# molécule.# Cette# énergie#
absorbée# par# la# molécule# est# essentiellement# transformée# en# chaleur# dans# les# tissus#
biologiques.# Dans# le# spectre# d’absorption# des# tissus# interviennent# ses# nombreux#
constituants.# L’eau,# qui# est# le# principal# composant# des# tissus# biologiques# (80#%),#
absorbe#dans#l’ultraviolet#et#surtout#dans#l’infrarouge.#L'hémoglobine#contribue#le#plus#à#






de# grandeur# que# l'eau# dans# le# proche# infrarouge# (3.10E3# cmE1# à# 700#nm).9# On# peut#
également#citer#le#cytochrome#c#oxydase#qui#joue#un#rôle#dans#le#cycle#respiratoire#de#la#
cellule.# Son# coefficient# d'absorption# (0,5# cmE1# à# 700#nm)# est# semblable# à# celui# de#

































! L'autofluorescence* des* tissus.* La# fluorescence# intrinsèque# des# tissus# est# due# à# la#
présence# dans# l'organisme# de# certaines# molécules# appelées# fluorophores# endogènes.#
Parmi# ces# molécules# se# trouvent# des# acides# aminés,# des# protéines# structurelles#
(collagène# et# élastine),# des# enzymes# et# coenzymes# ayant# un# rôle# dans# le#métabolisme#
cellulaire#et#des# lipides.#Les#dérivés#porphyriniques#contenus#dans# l'hémoglobine#sont#
les#principaux#émetteurs#dans#la#zone#du#rouge#et#proche#infraErouge.12#Le#nombre#et#la#
nature#des# fluorophores#endogènes#varient#en# fonction#de# la# longueur#d'onde#utilisée.#
Les#maxima#d'excitation#et#d'émission#de#ces#différents# composés#dans# le#domaine#du#
visible#et#du#proche#infrarouge#sont#donnés#dans#l'annexe#1#(tableau#3).*
Dans# le# cas# de# l'utilisation# d'un# agent# de# contraste# fluorescent# (fluorophore#
exogène),# l'autofluorescence# des# tissus#peut# générer# un# bruit# de# fond#de# fluorescence#










































être# utilisées# pour# l'imagerie# des# tumeurs.14# Les# tissus# tumoraux# présentent# par#
exemple#un#métabolisme#différent#du#tissu#sain,#et#une#variation#peut#se#retrouver#sur#
les# spectres# d'émission# et/ou# le# temps# de# vie# de# fluorescence# de# ces# molécules.# Les#
anomalies#dans#le#ratio#entre#hémoglobine#oxygénée#et#nonEoxygénée#permettent#nonE
seulement#de# localiser# les#tumeurs,#mais#donnent#également#des# informations#sur# leur#
stade#de#développement.15E18#
D'autres# approches# plus# récentes# consistent# à# détecter# la# fluorescence# de#
photoprotéines.19#La#protéine#fluorescente#verte#(GFP#pour#Green#Fluorescent#Protein),#
protéine# naturellement# sécrétée# par# certaines# méduses,# est# intrinsèquement#










































! La* désactivation.# Elle# provient# de# mécanismes# qui# entrent# en# compétition# avec#
l'émission#de# fluorescence#et#qui#produisent#une#dissipation#non#radiative#de# l'énergie#
correspondant# à# l’écart# entre# l'état# excité# et# l'état# fondamental.# La# collision# entre# un#
fluorophore# excité# et# une# autre#molécule# non# fluorescente# (notamment# l'oxygène)# en#
solution#est#un#cas# fréquent#de#désactivation#dit#de#transfert#d’énergie#non#radiatif.#La#
concentration# du# fluorophore# est# un# autre# paramètre# influant# sur# la# désactivation# de#
fluorescence.# Les# environnements# généralement# très# riches# en# electrons# des#
fluorophores#organiques#favorisent#en#effet#les#interactions#πEπ.##AuEdelà##d'une#certaine#
concentration,#des#empilements#de#fluorophores#peuvent#se#former#(agrégation),#ce#qui#
provoque# une# extinction# de# la# fluorescence.# D’autres# processus# de# désactivation#
intermoléculaires#seront#décrits#dans#le#chapitre#III.1.#
#
! Le* photoblanchiment.# C'est# une# limite# importante# de# l'imagerie# par# fluorescence.#
C'est# une# réaction# chimique# photoEinduite# et# irréversible# de# destruction# des# liaisons#
moléculaires# responsables# de# la# fluorescence.# Il# s'agit# essentiellement# de# réactions#
d'oxydation#avec#des#radicaux#libres#provenant#de#l'oxygène#(principalement#l'oxygène#
singulet).# Ces# radicaux# sont# notamment# issus# du# métabolisme# normal# de# l'oxygène#
(origine#endogène)#ou#de#rayonnements#ionisants#(origine#exogène).#Lorsque#l’on#excite#










photoblanchiment# est# d'autant# plus# probable# que# le# nombre# de# cycles#
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plus# important# lorsque# l'énergie# des# photons# incidents# correspond# à# un# maximum#







domaines# de# la#médecine,# seules# les# applications# concernant# la# détection# des# cancers#






de# pénétrabilité# ainsi# que# les# domaines# de# longueurs# d'onde# utilisés# pour# chacune#
d'entre# elles.# Les# méthodes# basées# sur# la# détection# de# photons# absorbés# (abs)# ou#
diffusés# (diff)# constituent# une# partie# importante# des# méthodes# d'imagerie# optique.#
Cependant,# elles# ne# seront# pas# abordées# dans# la# suite# de# ce# manuscrit.# Seules# les#
méthodes#d'imagerie#optique#par#fluorescence#(fluo)#seront#détaillées.#




Technique# Type#de#contraste# Profondeur# Longueur#d'onde#
Résolution*microscopique* # # #
Microscopie#en#épifluorescence# Abs,#Fluo# 20#μm# Vis#
Confocale# Fluo# 500#μm# Vis#
Biphotonique# Fluo# 800#μm# Vis#




Interférométrie#de#Speckle# Diff# 1#mm# Vis,#NIR#
Résolution*macroscopique* # # #
















profondeur# d'observation;# l'utilisation# de# fluorophores# du# proche# infraErouge# devient#
alors#indispensable.##
1.2.1 L'imagerie*de*fluorescence*par*réflexion*
La# technique# d'imagerie# de# Fluorescence# par# Réflexion# (FRI)# inspirée# des#
techniques#de#vision#industrielle#est#un#outil#efficace#pour#détecter# la# fluorescence#des#




comme# le# montre# la# Figure# # 10.# On# utilise# une# source# de# lumière# continue# et#
spatialement#étendue.#Une#caméra#CCD#équipée#d'un#filtre#est#utilisée#pour#ne#détecter#
que#les#photons#de#fluorescence.#














La# chirurgie# pratiquée# en# oncologie# (résection# des# tumeurs# principalement)#
présente# des# caractéristiques# favorables# à# l'utilisation# de# la# FRI.22# Les# structures# à#
examiner# (muqueuses,# peau# ou# membranes...)# se# trouvent# la# plupart# du# temps# en#





est# restituée# sur# un# écran# intégré# au# bloc# opératoire# et# fournit# # au# chirurgien# une#
cartographie#des#tissus#tumoraux#en#temps#réel,#sous#forme#d'une#image#hybride#(Figure##
11# C).# En# effet,# les# longueurs# d'ondes# de# la# fenêtre# thérapeutique# (650E900#nm)# sont#
peu,#voire#pas#détectables#par#l'oeil#humain.#Notons#que#la#recherche#s'intensifie#dans#le#





















contaminés# des# tissus# sains.# La# principale# limite# de# cette# technique# est# le# nombre#
restreint# de# marqueurs# fluorescents# actuellement# disponibles# (cf# Chapitre# 2.2).# Le#




en# raison# de# ses# possibilités# de# détection# in0vivo# de# particules# qui# ne# peuvent# être#
visualisées#en#microscopie#optique#conventionnelle.#Elle#est#particulièrement#adaptée#à#
l'étude#des#cellules#(in#vitro)#et#des# tissus#biologiques#mis#à#nu#(in#vivo)#ou#excisés#(ex#
vivo)#;# c’est# donc# une# méthode# d’imagerie# invasive.# Les# échantillons# ne# doivent# pas#
excéder# une# certaine# épaisseur# (1#mm).# Plus# le# grossissement# est# élevé,# plus# cette#
profondeur#est#faible,#ce#qui#empêche#d'avoir#une#image#nette#sur#la#totalité#d'un#objet#
étendu.# Cependant,# les# résolutions# d'images# obtenues# avec# ces# méthodes# sont#
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par# fluorescence# compte# parmi# les# rares# méthodes# d'imagerie# médicale# permettant#
d'imager#plusieurs#cibles#en#même#temps,#en#utilisant#différents#marqueurs#fluorescents#
spécifiques#et#des#filtres#appropriés.##
La# microscopie# confocale# permet# d'améliorer# la# faible# profondeur# d'image#
disponible# en#microscopie# classique# (ou#microscopie# en# champ# large).# Le#microscope#
confocal a# la# propriété# de# réaliser# des# images# de# très# faible# profondeur# de# champ#
(environ# 400#nm)# appelées# «#sections# optiques#».# En# positionnant# le# plan# focal# de#
l’objectif#à#différents#niveaux#de#profondeur#dans#l’échantillon,#il#est#possible#de#réaliser#
des# séries# d’images# à# partir# desquelles# on# peut# obtenir# une# représentation#
tridimensionnelle# de# l’objet.# La# Figure# # 12# présente# le# schéma# de# principe# de# la#
microscopie# confocale# de# fluorescence.# Le# rayon# lumineux# excitateur# pénètre# dans#
l'échantillon# fluorescent.# Il# y# a# alors# émission# de# rayons# fluorescents# provenant# de#
différents# plans# de# la# préparation.# Un# trou# de# filtrage# ou# "pinhole"# élimine# le# signal#
fluorescent#provenant#des#plans#nonEfocaux,#afin#de#sélectionner#les#rayons#émis#par#le#
plan# focal# de# l'échantillon.# Ces# rayons# passent# au# travers# d'un# bloc# de# filtrage# des#

























La#microscopie# par# fluorescence# trouve# un# intérêt# particulier# en# oncologie,# au#
niveau#préEclinique#et#clinique.#L'utilisation#de#cette#technique#sur#des#tissus#vivants#est#
appelée#microscopie# intravitale# (IVM).26# Elle# fournit# des# images# # avec# des# résolutions#
inégalables# allant# de# 1# à# 10#μm.# Cela# permet# d'imager# une# multitude# de# processus#
cellulaires# tels# que# le# microenvironnement# des# tumeurs# (pH,# pO2),# la# distribution# de#
médicaments# dans# la# cellule,# les# activités# d'enzymes,# de# promoteurs# et# de# gènes,# # les#
mécanismes#de#multiplication#des#cellules#cancéreuses#et#de#production#de#métastases#
et# les# interactions# entre# différentes# sousEpopulations# de# cellules# dans# les# tumeurs.# La#
méconnaissance#de#l'impact##des#colorants#fluorescents#sur#le#métabolisme#de#la#cellule#
constitue# une# limite# importante# de# cette# approche.# Une# seconde# limite# concerne# la#
profondeur# d'observation# ne# dépassant# pas# le#millimètre:# les# tissus# observés# doivent#
ainsi# être#mis# à#nu#ou#excisés.# L'enjeu#de# ces#méthodes#d'observation# consiste#donc# à#
trouver#les#moyens#les#moins#traumatisants#possible#d'étudier#les#tissus#afin#d'influer#au#
minimum#sur#leur#environnement#cellulaire.##
La# microscopie# par# fluorescence# est# également# utilisée# en# complément# de# la#
technique# FRI# pour# la# chirurgie# assistée# par# fluorescence.23# Elle# permet# d'analyser# en#
détail# l'environnement# cellulaire# des# tissus# excisés# (examen# ex0vivo)# et# permet#
notamment#de#connaître#pendant# l'opération# le# stade#de#développement#de# la# tumeur#









limitation#de#pénétrabilité#de# la# lumière#dans# les# tissus.#Des#méthodes#de#microscopie#
confocale# fibrées# (ou# microendoscopie# confocale)# permettent# de# réaliser# de# manière#
non# invasive# (sans# excision# des# tissus)# des# "biopsies# optiques".28# Cette# technologie#
pourrait# être# utilisée# en# complément# des# techniques# FRI# en# chirurgie# assistée# par#
fluorescence#et#permettre#au#chirurgien#de#localiser#des#tissus#tumoraux#profonds#et#de#
mieux#définir#la#marge#de#résection#des#tissus#contaminés.#




La# tomographie# moléculaire# de# fluorescence# (FMT)# permet# d'obtenir# une#
reconstruction#en# trois#dimensions#de# la# localisation#des#marqueurs# fluorescents#dans#
les# tissus.#L'échantillon#est#balayé#avec# la#source# laser#et# la#caméra#CCD#enregistre# les#
photons# de# fluorescence.# Chaque# position# du# laser# correspond# à# une# projection#
différente.# L’empilement# de# ces# projections# permet# de# remonter# à# la# carte# 3D# de#
fluorescence#par# l'intermédiaire#d'un# algorithme#de# reconstruction# (Figure# # 14).# Cette#
méthode# utilise# un# processus# d'inversion,# c'estEàEdire# qu'elle# nécessite# l'élaboration#
préalable#d'un#modèle,#décrivant#suffisamment#fidèlement#les#phénomènes#optiques#tels#
qu'ils# sont# mesurés.# On# reconstruit# ensuite# l'image# en# se# fondant# sur# ce# modèle.# La#
qualité# des# images# reconstruites# dépend# des# performances# du# système# expérimental,#
mais# elle# est# également# liée# à# la# modélisation# et# au# processus# d'inversion.# La#
tomographie# est# à#mettre# en# contraste# avec# l'imagerie# directe# qui# fournit# une# simple#
carte#de#détection#des#photons#et#donc#des#images#en#deux#dimensions.#La#tomographie#
permet# d'augmenter# la# profondeur# d'observation,# mais# fournit# des# images# d'une#
résolution# spatiale# inférieure# à# l'imagerie# directe.# Cette# observation# est# d'ailleurs#



























traverser# l'échantillon#pour# être# captés#par# le# détecteur#qui# est# placé# à# l'opposé#de# la#
source# de# lumière.# La# transillumination# permet# de# placer# la# source# de# lumière# plus#
proche#de# l'échantillon# qu'en# épi# illumination#pour# des# raisons# de# contrainte# optique.#
L'excitation#lumineuse#est#donc#plus#intense#et#cela#se#traduit#par#un#gain#de#sensibilité#
et#de#contraste.#En#revanche,#certaines#perturbations#causées#par#les#photons#provenant#
de# la# source# et# atteignant# le# détecteur# peuvent# être# rencontrées.# Le#montage# en# épiE
illumination#constitue#par#ailleurs#un#moyen#de#s'affranchir#de#ce#phénomène.#Notons#à#
ce#titre#que#les#photons#de#fluorescence#sont#émis#dans#toutes#les#directions#de#l'espace#
à# partir# du# fluorophore,# autorisant# une# de# placer# le# détecteur# en# dehors# de# l’axe#
d’excitation#du#laser.#
Un#des#principaux#avantages#de#la#tomographie#est#qu’elle#permet#de#réaliser#une#
quantification# du# fluorophore.# En# transillumination,# la# distance# cumulée# du# trajet# des#
photons# incidents# et# de# celui# des# photons# de# fluorescence# est# indépendante# de# la#
profondeur# du# fluorophore# dans# le# tissu.# Inversement,# en# épiEillumination,# cette#
distance#est#inversement#proportionnelle#à#la#profondeur#du#fluorophore.#Le#nombre#de#
photons# de# fluorescence# dépend# donc# de# la# profondeur# de# la# zone# d'accumulation# du#
marqueur,#empêchant#toute#quantification#du#marqueur.29#
Parmi# les# méthodes# de# tomographie# optique# de# fluorescence,# il# faut# citer# la#
Tomographie#Optique#Diffuse#de#Fluorescence#(fDOT)#qui#utilise#une#source#de#lumière#
continue.# Plus# récemment# des# approches# basées# sur# une# source# de# lumière#
impulsionnelle# (laser# femtoE# ou# picoseconde)# et# un# détecteur# résolu# en# temps# sont#
apparues,# notamment# la# tomographie# optique#diffuse# résolue# en# temps# (TREfDOT).# La#
mesure# du# temps# de# vol# des# photons# de# fluorescence# à# travers# les# tissus# est# une#
information# supplémentaire# qui# permet# d'augmenter# la# résolution# et# d'imager# plus#

































relatif# à# la# puissance# des# lasers# qui# peuvent# génèrer# un# échauffement# important# des#
tissus.##
Plusieurs# sociétés,# parmi# lesquelles# PerkinElmer,# Bruker# et# TriFoil# Imaging#





Le# montage# en# transillumination# implique# que# l'épaisseur# des# échantillons#
pouvant# être# analysés# doit# être# inférieure# à# la# limite# de# pénétrabilité# des# rayons#




donne# des# informations# qualitatives# et# quantitatives# sur# les# tissus# contaminés.32# C'est#









L'efficacité# des# méthodes# d'imagerie# optique# de# fluorescence# in! vivo# repose# sur#
deux# points# essentiels.# L'appareillage# tout# d'abord# (source# d'excitation,# détecteur#
photonique#et#système#de#traitement#des#données)#influe#sur#les#limites#de#sensibilité#et#
la#résolution#spatiale#des#images#obtenues.#Le#deuxième#point#tout#aussi#important#est#le#





Les# marqueurs# fluorescents# pour# l'imagerie# utilisés# en# oncologie# sont#
généralement# constitués# de# deux# composantes# :# un# fluorophore# et# une# unité# de#














! Fenêtre+ d'absorption+ et+ d'émission.# Le# fluorophore# doit# préférentiellement#
absorber# et# émettre# dans# la# fenêtre# thérapeutique# (entre# 650# et# 900#nm).# Cette#
caractéristique#est#d'autant#plus#importante#que#la#profondeur#d'observation#est#élevée,#
notamment# pour# les# méthodes# tomographiques.# En# revanche,# les# méthodes# de#
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! Déplacement* de* Stokes.# Un# grand# déplacement# de# Stokes# permet# de# limiter# la#
détection# de# lumière# incidente# par# le# photodétecteur,# et# d'augmenter# le# rapport#
signal/bruit.#Certains#complexes#de#lanthanides#possèdent#des#déplacements#de#Stokes#
de# plusieurs# centaines# de# nanomètres.# Les# fluorophores# organiques# possèdent# des#
déplacements#de#Stokes#relativement#faibles,#généralement#compris#entre#10#et#30#nm.#
Des# filtres# d'excitation# et# d'émission# doivent# alors# être# utilisés# afin# d'éviter# que# le#
détecteur#ne#capte#les#photons#d'excitation.##
#
! Brillance.# Le# fluorophore# doit# posséder# une# forte# brillance# (produit# du# coefficient#
d'extinction#molaire#ε#et#du#rendement#quantique#de#fluorescence#ϕF)#et#la#conserver#en#
milieu# biologique.34# Les# propriétés# photophysiques# de# certains# fluorophores# peuvent#
varier#en#fonction#de#certains#paramètres,#notamment#du#pH.#Ces#fluorophores#peuvent#
être# utilisés# en# tant# que# sondes# "intelligentes",# ou# "smart# probes"# activables# ou#
désactivables#dans#certaines#conditions.#Selon#l'application#visée,#il#peut#également#être#
préférable# d'utiliser# plutôt# un# fluorophore# dont# l'émission# de# fluorescence# est#
indépendante#de#son#environnement.##
#
! Photoblanchiment.# Le# fluorophore# doit# posséder# une# bonne# résistance# au#
photoblanchiment.#
#
! Fonctionnalisation.# Le# fluorophore# doit# être# facilement# fonctionnalisable# afin# de#
pouvoir#être#lié#à#une#unité#de#reconnaissance#(bioconjugaison).#
2.1.2 Propriétés*physico=chimiques*
! Solubilité.* Le# marqueur# fluorescent# doit# posséder# une# bonne# solubilité# en# milieu#
physiologique.* Les# fluorophores# du# proche# infraErouge# (ou# fluorophores# NIR)# sont#
généralement# hydrophobes# et# il# est# donc# nécessaire# de# les# fonctionnaliser# par# des#
groupements# augmentant# leur# solubilité# dans# l'eau.# Il# s'agit# pour# l'essentiel# de#
groupements#de# type#PEG#de# longueur#variable,#ou#des#groupements# ioniques#de# type#
sulfonate#ou#ammonium.#Notons#que#ces#groupements#ioniques#influencent#de#manière#
non#négligeable# la# biodistribution#du#marqueur# ainsi# que# ses#propriétés#d'élimination#
par#l'organisme.35#Les#groupements#ammonium#sont#par#exemple#connus#pour#favoriser#
le# passage# de# la# membrane# cellulaire.36# La# nature# du# bras# espaceur# reliant# le#
fluorophore#au#vecteur#joue#également#un#rôle#dans#la#solubilité#de#la#molécule.#Notons#
également#que#la#solubilité#du#fluorophore#doit#se#rapprocher#autant#que#possible#de#la#
solubilité# du# vecteur,# afin# de# modifier# le# moins# possible# sa# biodistribution# et# ses#
propriétés#de#reconnaissance.#
#
! Poids* moléculaire.# Le# poids# moléculaire# du# fluorophore# doit# être# le# plus# petit#
possible# afin# d'affecter# le# moins# possible# les# propriétés# de# liaison# de# l'unité# de#
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reconnaissance# avec# sa# cible.# Cependant,# les# fluorophores# organiques# NIR# ont# un#






Les# fluorophores#organiques#présentent# classiquement#des# rendements#quantiques#de#
fluorescence# plus# faibles# en# solution# aqueuse# qu'en# solvant# organique# à# cause# de# ces#
phénomènes#d'agrégation.#
2.1.3 Propriétés*pharmacocinétiques*




! Elimination.# Le# marqueur# doit# être# éliminé# naturellement# par# l'organisme.# Deux#
voies#d'excrétion#sont#possibles# :# le#foie#et# les#reins.#L'élimination#rénale,#qui#concerne#
les#molécules#de#taille#inférieure#à#5#nm#et#hydrosolubles,#est#généralement#préférée#car#
elle#est#la#plus#rapide.37#De#plus,#la#voie#hépatique#présente#le#risque#de#réabsorption#du#
marqueur# dans# l'organisme# (voie# entéroEhépatique)# qui# peut# conduire# à# sa#
métabolisation.# La# structure# du# marqueur,# et# plus# particulièrement# le# nombre# et# la#
disposition#de#charges#autour#de# celuiEci,# influe# fortement# sur# son#mode#d'élimination#
dans# l'organisme.35# L'élimination# (ainsi# que# la# métabolisation)# diminue# le# temps# de#
demiEvie#du#marqueur#dans# l'organisme#(temps#nécessaire#à# l'élimination#de# la#moitié#




sa# cible# afin# de# limiter# au#maximum# le# bruit# de# fond.# L'unité# de# reconnaissance# doit#





sont# donc# complexes# et# multiples.# L'approche# consiste# à# moduler# la# structure# du#
marqueur#afin#d'obtenir#le#meilleur#compromis#possible#entre#toutes#ces#contraintes.#Le#
choix#du# fluorophore# joue# ici#un#rôle#prépondérant.#Nous#allons#maintenant#présenter#
une# liste# non# exhaustive# des# fluorophores# NIR# organiques# potentiellement# utilisables#
pour#des#applications#en#imagerie#par#fluorescence#in#vivo.38#Les#BODIPY#qui#font#l'objet#
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de# cette# thèse# seront# abordés# plus# en# détail,# nous# présenterons# notamment# certains#
outils# synthétiques# permettant# de# fonctionnaliser# ces# fluorophores# pour# des#




Les# cyanines# sont# une# famille# de# fluorophores# appartenant# au# groupe# des#
polyméthines# où# deux# atomes# d'azote# sont# liés# par# une# chaîne# carbonée# insaturée#
(polyméthine).# Chaque# atome# d'azote# fait# indépendamment# partie# d'un# fragment#
hétérocyclique# dont# la# nature# (indole,# quinoléine,# isoquinoléine,# benzothiazole...)# joue#
un# rôle# important# dans# les# propriétés# photophysiques# et# physicoEchimiques# du#
fluorophore.# De# plus,# c'est# via# la# substitution# de# ces# atomes# d'azote# que# la# postE
fonctionnalisation# de# ces# molécules# est# possible.# En# comparaison# # avec# les# autres#
familles#de# fluorophores,# il# est# relativement# facile#d'obtenir#des# cyanines#absorbant#et#
émettant# dans# le# proche# infraErouge# sans# augmenter# drastiquement# la# taille# de# leur#
système#aromatique#et#donc#leur#caractère#hydrophobe.#En#effet,#chaque#motif#vinylène#
(CH=CH)#de#la#chaîne#carbonée#permet#un#décalage#bathochrome#d'environ#100#nm#des#













































introduction# d'un# groupement# sulfonate# sur# chacun# des# deux# hétérocycles.# Ces#
groupements# sulfonate# jouent# un# rôle# primordial# pour# limiter# les# phénomènes#
d'agrégation#en#solution#aqueuse,#et#donc#pour#conserver#une#partie#de#la#fluorescence#
observée#en#solvant#organique.#
Ces# propriétés# font# des# cyanines# des# fluorophores# bien# adaptés# à# l'imagerie# in#
vivo.# Le# vert# d'indocyanine# (ICG# pour# indocyanine# green)# est# actuellement# le#








chaîne# polyméthine.# Elle# favorise# tout# d'abord# des# processus# de# désexcitation# non#
radiatifs,# ce# qui# conduit# à# des# rendements# quantiques# relativement# bas.# Les#
mouvements# de# rotation# et# de# torsion# de# cette# chaîne# induisent# également# une# plus#
forte# sensibilité# aux# phénomènes# de# dégradation# chimique# et# photochimique#
(photoblanchiment).47#Des# travaux#ont#visé#à# rigidifier# la# structure#en# introduisant#un#
fragment# de# type# cyclopentène# ou# cyclohexène# au#milieu# de# la# chaîne# polyméthine.48#
D'un# point# de# vue# synthétique,# la# synthèse# de# cyanines# dissymétriques# s'avère#
compliquée.#Elle#passe#généralement#par#la#fonctionnalisation#du#bras#polyméthine.#
2.2.2 Les*squaraines*
Les#squaraines#sont#des# fluorophores#de# la# famille#des#polyméthines,#contenant#
un# cœur# hydroxyoxocyclobutène# porteur# de# groupements# électroEdonneurs.49# Le#
principal#avantage#des#squaraines#est# leur# large#et# intense#bande#d'absorption#dans# le#
rouge# et# le# proche# infraErouge# (># 200000# ME1# cmE1),# et# leur# bande# d'émission#


















rend# le# fluorophore# inerte# visEàEvis# des# nucléophiles# en# solution# sans# changer#








Les# xanthènes# sont# constitués# d'un# cycle# pyrane# entouré# de# deux# cycles#





sodique# est# totalement# hydrosoluble.# Ces# fluorophores# possèdent,# dans# l'eau,# des#
propriétés# particulières# qui# constituent# plutôt# une# limite# pour# des# applications# en#
imagerie# médicale# :# la# fluorescéine# présente# sept# formes# prototropiques# différentes#
dans# l'eau,# ses# propriétés# photophysiques# sont# donc# dépendantes# du# pH# (cf# Figure##
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Notons# que# l'introduction# de# cycles# benzéniques# sur# le# squelette# xanthène#
permet# un# décalage# bathochrome# des# longueurs# d'onde# d'absorption# et# d'émission#
(λabs/λem#=595/660#nm#pour# les#naphtofluorescéines)54,#mais# ces# fluorophores#ne# sont#
luminescents#que#dans#des#conditions#basiques.#Pour#pallier#ces#insuffisances,#le#groupe#









ou# en# désactivant# des# processus# de# conversion# interne.56# Ces# propriétés# sont#
notamment# utilisées# afin# d'élaborer# des# fluorophores# activables/désactivables# par#

































rendre# les#rhodamines#hydrosolubles57#et#décaler# leurs#domaines#d'absorption#dans# le#




cas# altérer# fortement# les# propriétés# d'émission# de# ces# fluorophores.# Des# rhodamines*









Les# porphyrines# sont# des# macrocycles# aromatiques# composés# de# quatre# sousE
unités# pyrroliques# connectées# par# quatre# ponts# méthine.# La# cavité# centrale# peut#
complexer#un#métal,#ce#qui#a#pour#effet#de#moduler#ses#propriétés#rédox#et#optiques.#Les#
porphyrines# présentent# une# intense# bande# d'absorption# autour# de# 400#nm#
(ε#>#100000#ME1cmE1)# et# une# série# de# bandes#moins# intenses# entre# 500# et# 650#nm.# La#
présence# d'un# métal# dans# la# cavité# centrale# et# sa# nature# définissent# le# nombre,# la#
longueur# d'onde# et# l'intensité# de# ces# bandes# d'absorption.# Leur# longueur# d'onde#
d'émission# dans# le# rouge# (autour# de# 650#nm)# est# faiblement# intense,# les# rendements#
quantiques#de# fluorescence#dépassant# rarement# 15#%.61#De#plus,# les# porphyrines# sont#
naturellement# présentes# dans# les# tissus# biologiques# (hème# de# l'hémoglobine,#
cytochromes# et# enzymes# catalysant# des# réactions# d'oxydoEréduction).# Leur# utilisation#
comme# agent# de# contraste# in#vivo# pose# donc# de# réelles# difficultés# pour# discriminer# le#
bruit#de# fond#généré#par# l'autofluorescence#des#dérivés#porphyriniques# endogènes#du#
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! Hydroporphyrines.* La# saturation# partielle# des# unités# pyrrole# des# porphyrines#
conduit# à# la# formation# des# chlorines# (réduction# d'une# insaturation),# des#
bactériochlorines#(réduction#de#deux#insaturations#sur#deux#unités#pyrrole#opposées)#et#
des# isobactériochlorines# (réduction# de# deux# insaturations# sur# deux# unités# pyrrole#
adjacentes),# comme# le# montre# la# Figure# # 23.# Les# chlorines# et# bactériochlorines#
présentent#des#caractéristiques#spectrales#favorables#pour#des#applications#optiques# in#
vivo# et# ont# d'ailleurs# été# utilisées# pour# l'imagerie# de# tumeurs.62,63# Leurs# longueurs#
d'onde# d'absorption# sont# décalées# dans# le# proche# infrarouge# (700E900#nm).# Leur#
émission#de# fluorescence#se#caractérise#par#une#bande#d'émission#relativement# fine#et#
intense,#et#par#des#rendements#quantiques#de#fluorescence#plus#élevés#que#ceux#de#leurs#
analogues# porphyriniques# (environ# 15#%# pour# les# bactériochlorines# et# 25#%# pour# les#








déplacement# de# Stokes# (généralement# inférieur# à# 5#nm)# et# une# hydrophobicité#
caractéristique#des#dérivés#porphyriniques.#Il#est#aussi#important#de#noter#que#les#voies#
synthétiques#permettant#l'accès#à#ces#composés#restent#actuellement#complexes.#Il#s'agit#
généralement# de# synthèses# multiEétapes# qui# s'accompagnent# de# faibles# rendements#



















d'azote.# Contrairement# aux# porphyrines,# elles# possèdent# de# hauts# rendements#
quantiques# (particulièrement# les# phtalocyanines# d'aluminium# et# de# silicium).# Leur#
émission# se# situe# dans# le# rouge,# autour# de# 700#nm.# Afin# de# limiter# leur# tendance# à#
l'agrégation,#des#groupements#encombrants#et#hydrophiles#peuvent#être# introduits#sur#







La# forte# délocalisation# électronique#du# système# aromatique# des# phtalocyanines#
leur# confère# une# grande# photostabilité.# Ces# fluorophores# sont# également# connus# pour#
leur# forte# cytotoxicité.# En# effet,# comme# tous# les# macrocycles# tétrapyrroliques,# les#
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générer# de# l'oxygène# singulet# suite# à# une# irradiation# lumineuse# (cf# Figure# # 9).# Cette#
propriété# est# particulièrement# utile# pour# la# thérapie# photodynamique# (PDT# pour#
PhotoDynamic# Therapy),# de# nombreux# travaux# relatent# d'ailleurs# l'utilisation# de#
phtalocyanines#pour# le# traitement#de# cancers#par#PDT.69,71,72# Pour#des# applications# en#
imagerie# in#vivo,# la#cytotoxicité#du#fluorophore#peut#constituer#une#limite.#A#ce#sujet,# il#
faut# remarquer# que# les# concentrations# en# fluorophore# requises# pour# la# PDT# sont#
supérieures#à#celles#nécessaires#pour#l'imagerie,#et#que#l'irradiation#lumineuse#est#plus#
longue#et#plus# intense#en#PDT.#La#production#d'oxygène# singulet#n'en# reste#pas#moins#
une# source# de# toxicité# visEàEvis# des# tissus,# ainsi# qu'un# processus# de# désexcitation# du#
fluorophore#concurrent#à#l'émission#de#fluorescence#(quenching).#Pour#des#applications#
en# imagerie,# il# est# donc# nécessaire# d'optimiser# le# design# de# ces# fluorophores# afin# de#
limiter#la#production#d'oxygène#singulet.73##
Une#des#principales#limites#de#ces#fluorophores#réside#justement#dans#la#difficulté#






BODIPY# est# une# marque# déposée# par# la# société# InvitrogenEMolecular# Probes# et#
désigne# les# dérivés# du# 4,4EdifluoroE4EboraE3a,4aEdiazaindacène# ou#
BOroDIPYrrométhène#dont#la#structure#générale#est#représentée#dans#la#Figure##26.#La#
numérotation#suit# celle#de# l'indacène#et# la#position#8#du#BODIPY#est# souvent#nommée#
meso#en#référence#à#son#homologue#porphyrine.#La#première#synthèse#de#cette#classe#de#
composés#fut#décrite#en#1968#mais#ce#n'est#qu'à#la#fin#des#années#1980#qu'une#attention#
particulière# a# été# portée# à# ces# composés.# Les# BODIPY# font# partie# de# la# famille# des#
cyanines#et#peuvent#être#considérés#comme#des#dérivés#monométhines#rigidifiés#via#un#
motif# complexant# BF2.# Cette# structure# moléculaire# permet# d'obtenir# certaines#
caractéristiques# photophysiques# des# cyanines# (ε#>#50000#ME1.cmE1)# tout# en# améliorant#
les#rendements#quantiques#(ΦF#>#70#%).#Ceci#est#du#à#la#rigidification#de#la#structure#qui#
défavorise# les# processus# de# désexcitation# nonEradiative.38# Cette# rigidification# permet#
également# aux# BODIPY# d'être# plus# stables# chimiquement,# et# de# mieux# résister# à#
certaines# conditions# synthétiques# que# les# cyanines.# La# postEfonctionnalisation# des#
BODIPY# est# donc# plus# aisée,# d'autant# plus# qu'ils# disposent# de# plusieurs# positions#
réactives#(cf#Figure##26).#Ajoutons#que#la#position#meso#permet#de#réaliser#aisément#une#
monofonctionnalisation.#






Les# larges#possibilités#synthétiques#qu'offrent# les#Bodipy#permettent# leur#utilisation#
dans#de#nombreux#domaines,# principalement#pour# l'optoEélectronique,# la#détection#de#
divers#analytes#et#dans#le#domaine#du#marquage#biologique.74E76#Les#principales#limites#








électronique# du# système# πEconjugué# et# passent# par# l'introduction# de# groupements#
électroEdonneurs78,79,# le# remplacement# du# carbone# méso# par# un# atome# d’azote# (azaE













































D'autres# méthodes# portent# sur# l'extension# du# système# πEconjugué# par#
introduction# de# groupements# styryle.89,90# Notons# que# l'ajout# de# deux# groupements#
styryle#(BODIPY#distyryle)#permet#un#décalage#des#longueurs#d'onde#de#plus#de#100#nm,#






! Hydrosolubilisation.* Les# deux# stratégies# les# plus# employées# pour# solubiliser# les#



















































































est# favorisé# par# le# système# πEconjugué# étendu# des# BODIPY# NIR.# L'introduction# de#
groupements# encombrants# orthogonaux# au# plan# aromatique# du# BODIPY# permet# de#
limiter# l'empilement.# Le# groupe#de#Ziessel# a# élaboré#plusieurs#BODIPY# fonctionnalisés#
au#niveau#de#l'atome#de#bore#par#formation#de#liaisons#boreEcarbone#comme#le#montre#






















































La# bioconjugaison# du# fluorophore# consiste# à# le# fonctionnaliser# par# une# entité#
capable#de#reconnaître#une#cible#biologique.#On#parle#également#de#vectorisation#visEàE
vis#d'une#cible.#Avant#de#décrire#les#différents#vecteurs#permettant#de#cibler#les#tumeurs,#
nous# allons# faire# quelques# rappels# sur# le# fonctionnement# des# cellules# tumorales.# Leur#





une# tumeur.# Tant# que# les# cellules# de# cette# tumeur# restent# rassemblées# en# une# seule#
masse,# on# parle# de# tumeur# bénigne.# Une# tumeur# devient# cancéreuse# lorsqu'elle# est#
maligne,# c'est# à# dire# lorsqu'elle# produit# des# métastases# ou# qu'elle# détruit# des# tissus#
adjacents.#Ces#cellules#se#détachent#de# la# tumeur#principale#et# transitent#dans# le#corps#















































système# vasculaire# anormalement# développé# qui# permet# notamment# d'augmenter#
l'apport#en#nutriments#et#de#favoriser#la#transmission#des#facteurs#de#croissance#et#des#
métastases.# L'hyperprolifération# cellulaire# au# sein# de# la# tumeur,# associée# à# un# faible#
drainage# lymphatique# et# à# une# perméabilité# accrue# de# la# paroi# vasculaire# favorise#
l'accumulation#de#particules#de#haut#poids#moléculaire.#On#parle#d'effet#EPR#(Enhanced#
Permeability# and#Retention).# Cette#propriété#permet# l'accumulation#de#nanoparticules#
de#100#à#200#nm#au#niveau#des#tumeurs.99#
#
! Une* consommation* excessive* de* certains* nutriments.# La# majorité# des# cellules#
tumorales#développent#un#métabolisme#particulier,#permettant#une#croissance#rapide#et#
nécessitant# un# apport# important# d'énergie,# de# vitamines# et# d'acides# aminés.# Certains#
oses#entrant#dans#le#métabolisme#des#glucides,#le#glucose#principalement,#mais#aussi#le#
fructose#et#le#galactose#sont#utilisés#afin#de#cibler#les#tumeurs#car#elles#en#consomment#
plus# que# les# cellules# saines.# Selon# le# même# principe,# des# vitamines# comme# le# folate#
(vitamine# B9)# ou# la# biotine# (vitamine# B8)# peuvent# être# utilisées.# Ces# composés#
appartenant# à# la# famille# des# petites# molécules# peuvent# généralement# traverser#






la# division# cellulaire.# Ces# oncogènes# codent# de# manière# intensive# pour# des# protéines#
jouant#un#rôle#dans# la#croissance,# la#multiplication#et# la# survie#de# la#cellule.#Parmi#ces#
protéines,# il# y# a# des# récepteurs# membranaires# permettant# la# détection# spécifique# de#
certaines# molécules,# en# particulier# des# hormones# et# des# facteurs# de# croissance.# Ces#





principales# unités# de# reconnaissance# utilisées# dans# la# littérature.# Notons# que# la#
















































































Les# peptides# sont# de# petites# séquences# d'acides# aminés# (jusqu'à# vingt# acides#
aminés).# Ce# sont# généralement# des# équivalents# synthétiques# de# molécules#
naturellement#synthétisées#par#le#corps#et#reconnues#par#des#récepteurs#membranaires#
surexprimés# par# les# cellules# cancéreuses.# Les# peptides# de# synthèse# comportent#
généralement# le# site# de# reconnaissance# du# peptide# naturel,# mais# également# quelques#
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modifications# visant# à# augmenter# leur# temps# de# demiEvie# dans# l'organisme.# Ces#
modifications#touchent#certains#acides#aminés#(chaînes#latérales#modifiées,#inversion#du#










































! Ciblage* des* amines* primaires.* Elles# constituent# les# cibles# disponibles# pour# la#
bioconjugaison#les#plus#nombreuses#et#les#plus#souvent#visées.105#On#trouve#des#amines#
primaires# sur# l'extrémité# NEterminale# des# peptides# ainsi# que# sur# les# chaines# latérales#
des# lysines.# Les# amines# primaires# présentent# des# réactivités# variées# avec# nombre# de#
fonctions# de# greffage.# La# méthode# la# plus# simple# consiste# à# réaliser# un# couplage#
peptidique#avec#un#ester#activé#(Figure##31#A).#
Les# anhydrides# cycliques# peuvent# également# être# utilisés.# Ils# possèdent# une#
grande# réactivité# visEàEvis# des# amines# primaires# (Figure# # 31#B).# Ces# dérivés# sont#
cependant# difficiles# à# isoler# car# ils# s'hydrolysent# facilement.# Enfin,# il# faut# citer# les#
fonctions# de# greffage# de# type# isothiocyanate# très# régulièrement# utilisées# pour# la#
bioconjugaison.# Ce# groupement# est# moins# sensible# à# l'hydrolyse# que# les# anhydrides#







! Ciblage* des* fonctions* thiol.# La# cystéine# est# le# seul# acide# aminé# porteur# d'une#
fonction# thiol;# elle# participe# à# la# formation# de# ponts# disulfure.# Les# cystéines# qui# ne#
participent# pas# à# la# formation# de# ponts# disulfure# peuvent# être# ciblées# par# plusieurs#











aminés#de# la# biomolécule#permet#d'obtenir#un#meilleur# contrôle#de# la# bioconjugaison.#
Les#progrès#réalisés#dans#le#domaine#de#la#synthèse#peptidique#permettent#d'introduire#
facilement# une# fonction# réactive# non# naturelle# et# chimiosélective.# On# parle# alors# de#
chimie#bioorthogonale.#L'exemple#le#plus#représentatif#constitue#la#fonctionnalisation#de#
peptides# par# des# fonctions# azoture# qui# réagissent# spécifiquement# avec# une# fonction#













L'élaboration# de# nouveaux# marqueurs# fluorescents# et# l'optimisation# de# leurs#
propriétés# permettent# d'obtenir# plus# d'informations# lors# d'un# examen# par# imagerie#
optique.# Des# approches# récentes# visant# à# combiner# l'imagerie# optique# avec# d'autres#
méthodes#d'imagerie#sont#également#un#moyen#d'affiner# le#diagnostic#et#d'obtenir#des#
images#plus#précises#et#plus#fiables#de#la#zone#d'intérêt.#L'approche#multimodale#permet#






La% recherche%en% imagerie% se% concentre%actuellement% % sur% l'imagerie%multimodale%
qui% consiste% à% superposer% les% images%de%différentes% techniques%d'imagerie% acquises%au%
cours% du% même% examen.% Les% examens% TEP/CT% couplant% l'imagerie% nucléaire% à% la%
tomodensitométrie%en%sont%l'exemple%le%plus%représentatif%:%ils%sont%couramment%utilisés%
en%clinique%et%permettent%en%un%seul%examen%d'identifier%les%zones%d'intérêt,%notamment%
les% zones% cancéreuses.111% Un% important% travail% de% recherche% doit% néanmoins% être%
effectué%pour% l'élaboration%et% la%mise%au%point%de% traceurs%multimodaux%efficaces.%Une%
partie% de% ce% travail% de% thèse% consiste% à% élaborer% des% sondes% bimodales% permettant% de%
coupler% l'imagerie% optique% à% l'imagerie% nucléaire.% Les% contraintes% techniques% et%
financières%associées%à%cette%approche%nécessitent%cependant%de%bien%définir%quels%sont%
les% avantages% qu'elle% procurent,% et% quelles% sont% les% applications% visées.% Ces% aspects%
seront% abordés% dans% ce% chapitre,% après% avoir% introduit% le% principe% de% l'imagerie%




L'imagerie% nucléaire% repose% sur% la% vectorisation% spécifique% de% radioéléments%
(radiotraceurs)% administrés% à% un% patient,% dont% le% rayonnement% permet% d'obtenir% des%
informations%d'ordre%fonctionnel%ou%métabolique%sur%un%tissu%ciblé%(des%tissus%tumoraux%





par% un% radionucléide.% CeuxMci% possèdent% un% temps% de% demiMvie% (durée% au% bout% de%
laquelle%l'activité%spécifique%du%radioélément%est%diminuée%de%moitié)%allant%de%quelques%
minutes% à%plusieurs% jours.% %On%distingue%deux%méthodes%d'imagerie%nucléaire,% selon% la%
nature%des%rayonnements%émis%par%le%radioélément.%%
La%TEMP%est%sensible%aux%émetteurs%de%photons%γ%(en%violet%dans%le%Tableau%5).%Ils%
sont% détectés% par% l'intermédiaire% d'une% caméra% à% scintillation.% Les% photons% γ% ont% une%
énergie%variable% (de%100%keV%à%250%keV)%en% fonction%de% la%nature%du% radioélément.% (cf%
Tableau%5)%




positon,% après% avoir% effectué% un% parcours% de% 0.5% à% 5%mm% dans% les% tissus% biologiques,%
s'annihile% en% rencontrant% un% électron% de% la% matière% environnante.% Cette% annihilation%












11C% β+% 20%min% 511% cyclotron%
18F% β+% 110%min% 511% cyclotron%
64Cu% β+% 12.7%h% 511% cyclotron%
67Ga% γ% 78%h% 93,%185,%296% cyclotron%
68Ga% β+% 68%min% 511% générateur%
86Y% β+% 14.7%h% 511% cyclotron%
89Zr% β+% 78.5%h% 511% cyclotron%
99mTc% γ% 6%h% 141% générateur%
111In% γ% 67.2%h% 173,%247% cyclotron%
123I% γ% 13%h% 159% cyclotron%
124I% β+% 100.8%h% 511% cyclotron%
201Tl% γ% 73.1h% 68M800% cyclotron%
%
%




varier%de%80% à%500%keV% suivant% le% type%d'appareil% utilisé% (80% à%300%keV%pour% la%TEMP,%
511%keV%pour%la%TEP).%Des%photons%de%plus%faible%énergie%seraient%trop%atténués%par%les%
tissus,% alors% qu’une% énergie% trop% importante% rendrait% le% traitement% des% données% plus%
difficile%et%conduirait%à%des%images%de%moindre%qualité.%
%
! Le" temps" de" demi4vie.% Il% correspond% à% la% durée% au% bout% de% laquelle% l’activité%





Inversement,% les% isotopes%à%durée%de%vie% longue% (supérieur%à%une% journée)% sont%plutôt%






! Mode* de* production,* coût* et* disponibilité.* La# production# des# radioéléments#
représente#une#partie#importante#des#dépenses#engendrées#par#les#méthodes#d'imagerie#
nucléaire.# La# majorité# des# radioéléments# couramment# utilisés# en# imagerie# nucléaire#
sont#produits#par#un#cyclotron.#Un#cyclotron#est#un#accélérateur#de#particules#générant#
des# réactions# nucléaires# et# permettant# d'extraire# certains# radioéléments.# C'est# un#
dispositif# lourd#et#coûteux#qui#doit# si#possible#être# intégré#aux#centres#d'imagerie.#Les#
isotopes# au# temps# de# vie# de# l'ordre# de# quelques# minutes# requièrent# en# effet# une#
production#à#courte#distance#du#centre#utilisateur.#Certains#radioéléments#peuvent#être#
produits# par# un# générateur.# Une# production# par# générateur# est# beaucoup# plus#










présente# l'avantage# de# modifier# faiblement# la# structure# du# vecteur# du# fait# du# faible#
encombrement# stérique.# Il# permet# le# marquage# de# molécules# métabolisables# ou# de#
ligands# de# récepteur# en# conservant# leur# structure# dans# l'espace# et# leur# activité#
biologique.# Le# fluorodésoxyglucose# (18F),# par# exemple,# est# un# analogue#






Des# molécules# plus# grosses,# notamment# des# anticorps# peuvent# également# être#
marqués# directement# par# complexation# d'un# radiométal,# le# technétium,# par# les#
groupements#chélatants# libres#des#chaînes# latérales#de#certains#acides#aminés.113# Il#est#
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l'imagerie#médicale#de# la#glande# thyroïde,#ne#nécessite#pas#de# liaison#à#un#vecteur.#En#
effet,#l'iode#est#métabolisé#dans#la#thyroïde,#donc#il#s'y#accumule#naturellement.#
*
! Marquage* indirect.*Le#marquage# indirect#permet#de#résoudre# les#problèmes# liés#à#
l'instabilité# des# macromolécules# marquées# par# des# radiométaux# par# voie# directe.# Le#
métal# est# alors# encapsulé# dans# un# ligand# adapté# pour# éviter# son# relargage# dans#
l'organisme.# Le# choix# du# ligand# repose# principalement# sur# la# sélectivité# de# l'agent#
chélatant#pour#le#métal#et#sur#la#stabilité#thermodynamique#et#la#cinétique#de#formation#
du# complexe.# De# nombreux# travaux# ont# permis# de# mettre# au# point# des# ligands#
permettant#de#complexer#une#grande#diversité#de#radiométaux.114,115#
Le# DTPA,# par# exemple,# est# le# ligand# permettant# de# chélater# un# atome# de# 111In#
dans# le# complexe# [111InEDTPAEDEPhe1]octreotide# utilisé# en# routine# en# oncologie# et#
commercialisé#sous#le#nom#d'Octréoscan®#(cf#Figure##35#B).116#




macrocycles# à# plusieurs# sortes# de# radiométaux.# Les# groupes# coordinants# sur# le#
macrocycle#peuvent#servir#à#augmenter#la#stabilité#du#complexe#formé#en#complétant#la#
sphère# de# coordination# du# métal,# ou# à# fonctionnaliser# le# macrocycle# pour# la#
bioconjugaison# (NEfonctionnalisation).#Un#exemple# est#donné#dans# la# Figure# #35#B# :# le#
[DOTA0,# DEPhe1,# Tyr3]# Octréotide,# aussi# appelé# DOTATOC# est# un# traceur# formant# des#
complexes# stables# avec# le# gallium#68# et# l'indium#111#notamment,# couramment# utilisé#
pour# l'imagerie# des# tumeurs# neuroendocrines.117# Des# utilisations# en# thérapie# sont#
également#possibles#par#métallation#à#l'yttrium#90.118#












L'imagerie# optique# et# l'imagerie# nucléaire# sont# des# méthodes# d'imagerie#































































































NOTA DOTA TRITA TETA
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pallier# le#manque# de# pénétrabilité# de# la# lumière# dans# les# tissus# biologiques.# Pour# les#
zones#peu#profondes,#qui#peuvent#être#imagées#par#les#deux#méthodes,#il#est#également#
possible#d'améliorer# la#résolution#d'images#obtenues#par# la#seule#technique#d'imagerie#
nucléaire.# Cependant,# les# contraintes# inhérentes# à# l'imagerie# nucléaire,# à# savoir# les#





Dans# le# domaine# préEclinique# tout# d'abord,# l'utilisation# de# la# bimodalité#
optique/nucléaire#offre#de#nouvelles#possibilités#dans#l'étude#de#l'évolution#des#cancers#
sur# les#petits# animaux.119# # La#biodistribution#de# l'agent#d'imagerie# est# déterminée#par#
deux# méthodes,# donc# plus# précisément.# Les# suivis# peuvent# être# effectués# sur# des#
échelles# de# temps# plus# longues# que# pour# les# examens# d'imagerie# nucléaire# :# la#
fluorescence#est#détectable#plusieurs#jours#après#l'injection#de#l'agent#d'imagerie.120#Des#
examens# de#microscopie# de# fluorescence# ex#vivo# sur# les# organes# peuvent# être# ensuite#
réalisés#pour#déterminer#dans#quels#organes#s'est#accumulé#le#traceur.121#Ces#examens#
d'imagerie# préclinique# sont# également# un# moyen# de# validation# d'agents# d'imagerie#





L'assistance# à# la# chirurgie# constitue# une# application# majeure# des# agents#
bimodaux#optique#/#nucléaire#dans#le#domaine#clinique.#Les#travaux#réalisés#par#l'équipe#
du# P.# van# Leeuwen# en# 2011# sont# basés# sur# l'utilisation# de# ce# type# de# systèmes# pour#
assister# l'exérèse# de# ganglions# lymphatiques# contaminés# chez# 11# patients# atteints# du#
cancer# de# la# prostate.# Pour# rappel,# le# système# lymphatique# est# une# voie# de# transit#
importante# des# métastases.# Des# particules# nanocolloïdales# marquées# au# technétium#
99m# et# au# vert# d'indocyanine# sont# d'abord# injectées# dans# la# prostate# du# patient.# Le#
traceur# circule# dans# le# système# lymphatique# et# s'accumule# dans# les# ganglions#
lymphatiques.#Ces#ganglions#sont#alors#localisés#par#un#examen#TEMP/CT#préopératoire.#
L'ablation#des#ganglions#est#ensuite#réalisée#par# le#chirurgien,#et#assistée#par# imagerie#
par# fluorescence# peropératoire.# Les# ganglions# excisés# sont# analysés# au# cours# de#
l'opération#par#microscopie#de# fluorescence#ex#vivo#afin#de#déterminer#s'ils#présentent#
des#métastases#ou#non.#Le#chirurgien#peut#décider#de#réaliser#un#curage#axiliaire#(retrait#
des#ganglions#en#aval#du#ganglion#sentinelle)# si# le# résultat#est#positif.#Des#examens#de#



























E# La# pénétrabilité# sans# limite# à# l'échelle# du# corps# humain# de# l'imagerie# nucléaire#
permet#de#détecter#les#zones#d'accumulation#du#traceur#partout#dans#le#corps#du#patient.#
E#L'excellente#résolution*spatiale*et*temporelle*de#l'imagerie#par#fluorescence#permet#
d'assister# l'ablation#des#ganglions# lymphatiques#contaminés#en#temps#réel.#Des# images#
très#précises#des#tissus#excisés#peuvent#être#obtenues#par#microscopie#de#fluorescence#
pendant#et#après#l'opération.##
Les# nanoparticules# colloïdales# sont# particulièrement# adaptées# à# la# localisation#
des#ganglions# lymphatiques,# ce#qui#permet#de# limiter# la#propagation#métastatique#des#
tumeurs.#En# revanche,# elles#ne#permettent#pas#de#diagnostiquer# la#présence#de# foyers#
tumoraux#puisqu'elles#ne#sont#pas#spécifiques#des#cellules# tumorales.123#L'enjeu#actuel#
consiste# à# développer# des# traceurs# bimodaux# optique# /# nucléaire# spécifiques# des#
tumeurs.#
Des#approches#basées# sur# l'injection#simultanée#de#deux# traceurs# indépendants#
(un#traceur#fluorescent#et#un#radiotraceur)#ont#été#développées,#mais#elles#induisent#une#
différence#de#biodistribution#des#deux#traceurs,#et#un#cumul#de#leur#toxicité.#L'enjeu#est#
de# réunir,# sur# un# même# agent# d'imagerie,# les# différentes# fonctionnalités# d'imagerie#
optique# et# nucléaire,# et# de# vectorisation.124# La# plupart# des# travaux# portent# sur# le#
marquage#de#biomolécules#via#une#approche#dite#"classique",#c'est#à#dire#que# la#sonde#
fluorescente# et# le# radioélément# sont# greffés# en#deux# temps,#nécessitant#deux# réactions#
de#bioconjugaison#successives.#Cette#stratégie#est#souvent#utilisée#pour#le#marquage#de#
colloïdes,# de# nanoparticules# ou# de# vecteurs# à# haut# poids# moléculaire# tel# que# des#
anticorps.125# L'approche# que# nous# envisageons# d'utiliser# repose# sur# une# plateEforme#
multimodale#composée#du#fluorophore#et#du#radioélément,#qui#est#greffée#sur#le#vecteur#
via#un#point#d'ancrage#unique#(MSAP#pour#Multifunctionnal#SingleEAttachment#Point,#ou#
MOMIA#pour#MOnomolecular#Multimodal# Imaging#Agent)).33# Cette# stratégie# offre# plus#
de# contrôle# sur# le# ratio# entre# radioélément# et# fluorophore# greffé# sur# le# vecteur.# A# ce#












Cette# partie# est# consacrée# à# une# revue# de# la# littérature# non# exhaustive# de#
différents#agents#bimodaux#optique#/#nucléaire#spécifiques#des#tumeurs#de#type#MSAP.#
Par# souci# de# clarté,# nous# ne# mentionnerons# pas# d'agents# bimodaux# basés# sur# la#
fonctionnalisation#des#nanomatériaux.37,126# Les# fluorophores# sont# représentés# en#bleu,#
les#radioisotopes#en#rouge,#l’unité#de#reconnaissance#en#vert.#
#
Le# groupe# de# Samuel# Achilefu# est# spécialisé# dans# l'élaboration# de# sondes#
fluorescentes# pour# l'oncologie.127# Récemment,# il# a# élaboré# un# système# bimodal#
optique/nucléaire# performant,# le# LS308# présenté# dans# la# Figure# # 38.# Il# est# composé#




















Le# groupe# de#Martin# G.# Pomper,# plutôt# spécialisé# en# radioEoncologie,# a#mis# au#
point# en# 2011# un# marqueur# portant# un# DOTA# métallé# à# l'111In,# une# cyanine# de# type#
IRDye®#800CW# et# un# vecteur# de# type# lysineEuréeEglutamate# reconnaissant# l'Antigène#
membranaire# prostatique# spécifique# (PSMA).129# Ici,# il# est# intéressant# de# noter# la#
longueur#importante#de#l'espaceur#reliant#le#vecteur#au#reste#de#la#molécule#(Figure##39).#
Ce# type# de# composé# possède# en# effet# de# meilleures# propriétés# de# reconnaissance# du#














































et# d'un# groupement# [18F]fluoroborate.# La# biomolécule# vectrice# (Lymphoseek)# est# un#
polymère#ramifié#de#dextrose#de#masse#moléculaire#très#élevée#appartenant#au#groupe#
























































































Chapitre I.3 : Vers une imagerie bimodale optique et nucléaire 
 
 70#
Les#cyanines#sont#de# loin# les# fluorophores# les#plus#représentés#dans# la# liste#des#
agents# bimodaux# optique/nucléaire.# D'autres# fluorophores# organiques# ont# cependant#
été#utilisés,#notamment#des#dérivés#de# la# rhodamine.131#Notre#équipe#à#Dijon# travaille#
plus#particulièrement#sur#l'élaboration#de#sondes#bimodales#comportant#un#BODIPY.#Le#
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Objetifs.# Ce# travail# de# thèse#basé# sur# la#modification#et# les# études#photophysiques#de#
dérivés#de#BODIPY#se#divise#en#deux#chapitres#distincts.#
#
Le#chapitre* II#est#consacré#à# la#modification#de# la#structure#des#BODIPY#en#vue#d'une#
application# in#vivo# pour# l'imagerie# bimodale# optique/TEP#ou#TEMP.# Ces#modifications#
concernent# l'hydrosolubilisation# des# fluorophores,# ainsi# que# la# modulation# de# leurs#


































































Dans&ces& travaux,&nous&utilisons& la& réactivité&de& la& liaison&bore5fluor&des&BODIPY&
pour& la& fonctionnalisation& de& l'atome& de& bore& par& des& dérivés& alcoxy& ou& aryloxy.&
L'introduction& de& dérivés& macrocycliques& et& de& groupements& hydrosolubilisants& est&
notamment& envisagée.& Nous& cherchons& également& à& décliner& la& méthode& de&











de& Ziessel& utilise& des& organolithiens& pour& introduire& des& groupements& éthynyles&
fonctionnalisés&sur&l'atome&de&bore&par&substitution&des&atomes&de&fluor&(Schéma&2).135&
Ces&composés&sont&nommés&E5BODIPY&(E&pour&Ethynyle).&





Par# la# suite,#des#EEBODIPY#portant#des#groupements#hydrosolubilisants#et# antiE
agrégants#de#type#sulfonate#ou#PEG,#comme#ceux#présentés#dans#le#chapitre#I.2.2.5.2,#ont#
été# élaborés.95,96# Ajoutons# que# des# carbocycles136# et# des# groupements# alkyles137# ont#
également# été# introduit# directement# sur# l'atome# de# bore,# sans# espaceur# éthynyle.# Les#







1999# par# le# groupe# de# Kevin# Burgess# (Schéma# 3).139# Il# a# été# obtenu# de# manière#
intramoléculaire,# par# déméthylation# de# groupes# méthoxy# portés# par# des# cycles#
benzéniques# en# position# αEpyrroliques# en# présence# de# tribromure# de# phosphore.# Le#
BODIPY# rigidifié# obtenu# avec# un# rendement# quantitatif# possède# la# particularité# d'être#
chiral# et# présente# des# propriétés# photophysiques# intéressantes# :# la# rigidification# du#
squelette# BODIPY# permet# tout# d'abord# un# déplacement# bathochrome# des# bandes#
d'absorption# de# plus# de# 50#nm,# par# extension# du# système# πEconjugué.# En# effet,# la#
rotation# des# substituants# aryles# est# entravée,# ils# participent# d'autant# plus# à# la#
délocalisation# électronique.# Les# phénomènes# de# désexcitation# nonEradiatifs# étant#












69 % 15 %72 % 38 % 13 %30 %













Nagano.142# Les# composés# sont# obtenus# par# substitution# des# atomes# de# fluor# par# des#








































fluorescence)# sont# globalement# peu# affectées# par# cette# modification# structurale.#










Les# travaux# sur# la# fonctionnalisation# de# l'atome# de# bore# des# BODIPY# par# des#
alcools#ont#été#initiés#dans#notre#laboratoire#lors#de#la#thèse#du#Dr.#Claire#Bernhard.146#
Ils# se# sont#poursuivis# lors#de# cette# thèse,# afin#d'explorer#plus#en#détail# les#possibilités#
synthétiques#qu’apporte#cette#méthode.#
Notre# équipe# a# tout# d'abord# cherché# à# introduire# un# tétraazamacrocycle# par# O0
fonctionnalisation.# Pour# cela,# des# O0BODIPY# portant# des# dérivés# carbonylés# ont# été#










    reflux R-OH, t.a.
R = Me, 100 %
R = Et, 60 %
R = iPr, 40 %
R = Bn, 54 %
R = Ph, 21 %
R = 4-MeOPh, 50 %
R = 4-ClPh, 61 %


















Dans# cet# article,# nous# présentons# la# synthèse# de# nouveaux# BODIPY#
fonctionnalisés# au# niveau# de# l'atome# de# bore# par# différents# groupements# alcoxy# ou#
aryloxy.#Ces# composés# sont# synthétisés#à#partir#de#différents#précurseurs#BODIPY#BF2#
avec#divers#alcools#et#phénols,#en#présence#de#trichlorure#d'aluminium.#Cette#méthode#a#
notamment# permis# la# synthèse# de# fluorophores# hydrosolubles# par# introduction# de#
groupements# polyéthylène# glycol# (PEG).# Une# étude# photophysique# des# différents#
composés#a#permis#de#montrer#que#les#O0BODIPY#possèdent#une#forte#fluorescence.#La#
synthèse#de#BODIPY#distyryle#fluorescents#aux#longueurs#d'onde#du#procheEinfrarouge,#































X= COOH or COOMe
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Abstract. The synthesis of new B-O BODIPY derivatives functionalized with different 
alkoxy or diarylalkoxy derivatives is described. These compounds were synthetized from 
the reaction of different B-F BODIPY precursors with various alcohols and phenols, in 
the presence of AlCl3. Water-soluble dyes could be synthetized as well with this method, 
specifically by the introduction of polyethyleneglycol (PEG) groups. A photophysical 
study of the different compounds were performed, and showed that the B-O BODIPY 
derivatives exhibit rich fluorescence properties. Finally, the conjugation of the BODIPY 
core has been extended using two distyryl groups hence providing blue BODIPY 
derivatives, in which one or two PEG groups have been anchored, making these systems 
very promising for future medical imaging applications. 
 
  





The 4,4-difluoro-4-bora-3a, 4a-diaza-s-indacene (BODIPY) dyes have been 
extensively investigated because of their rich photophysical, chemical and electronic 
properties.1 Indeed, this class of fluorophores exhibits numerous applications such as 
cation and proton sensing,2 electronic switches,3 photodynamic therapy,4 organic solar 
cells,5 molecular imaging probes6 and theranostics.7 Among the different options for 
functionalization of BODIPY, the meso8, the 2,6-pyrrolic9, and the 3,5-pyrrolic positions10 
have been extensively studied. Less frequently, the functionalization of the boron center 
has also been investigated, especially with alkyne groups, using nucleophilic substitution 
processes of the fluoride atoms with Grignard or lithiated reagents on the boron center.11 
However, these nucleophilic agents may not always be compatible with all functionalities, 
such as carboxylic acids and aldehydes. 
  A straightforward method for B-O functionalization was recently reported and 
proceeds by the treatment of BODIPY with alcohols in the presence of the Lewis acid 
AlCl3, leading to stable B-O BODIPY derivatives.12 Using this method, alcohol- and 
phenol-O-BODIPY derivative systems were prepared and characterized,13 in particular 
bichromophoric bisporphyrin-BODIPY systems or multimodular donor–acceptor 
conjugates.14 Very recently, a new method for the synthesis of Cl–BODIPY from F–
BODIPY was reported. These Cl–BODIPY, which are quite air-sensitive, were exploited 
as synthetic intermediates generated in situ for the overall conversion of F–BODIPY to 
O–BODIPY, using NaOMe or the dienolate–dilithium salt, in high overall yields.15 
We now report the synthesis and characterization of new B-O functionalized 
BODIPY dyes. Different functional groups were conveniently introduced onto the boron 
atom, especially water solubilizing groups. The photophysical properties of some of these 
new systems are also reported. 
 
Results and discussion 
 
  Different functional groups have been introduced on meso-functionalized BODIPY 
precursors using the method previously described.12 This method consists of reacting two 
equivalents of AlCl3 with the starting BODIPY, followed by the introduction of the 
alcohol or the phenol residue (Scheme 1). Hence, the boron atom can be functionalized 
with aldehydes functions (3), or amines (4 and 6) in 49, 14, and 34 % yield, respectively. 
 




Sheme 1 Synthesis of different B-O BODIPY derivatives. i) AlCl3, DCM, reflux, 10 min; 
ROH, r.t., 30 min. 
 
Interestingly, the monosubstituted B-O derivatives could also be isolated and 
characterized during the synthesis of compound 3. This monosubstituted compound 2 
should offer the possibility for a second functionalization to yield unsymmetrical 
BODIPY systems. 
The meso-substitution of the BODIPY derivatives proved to be a powerful method, 
allowing an easy introduction of additional functionalities such as water solubilizing 
groups and activated functions for labeling biomolecules. A convenient precursor is 
BODIPY 7, bearing a carboxylic group, which allows introducing the desired residue by 
peptidic coupling reactions. Compound 8 was obtained in 76 % yield, by coupling the 4-
nitrophenylamine with 7. Ester groups can be further introduced on the boron atom using 


















































Scheme 2 Synthesis of compound 7. 
 
The different B-O-containing dyes were characterized by spectroscopic analysis 
such as NMR spectroscopy, elemental analysis, and UV-visible spectroscopy. 
Noteworthy, the 11B NMR exhibits a expected singlet near 0.8 ppm.12 The 11B NMR 
spectra of compounds 1, 2 and 3 are shown in Fig. 1 as examples, stressing on the 
evolution of the 11B signal from the BODIPY precursor 1 (triplet, 3JB-F = 33.3 MHz), to 


























7 8, 76% yield










Fig. 1 11B NMR spectra comparison of compounds 1, 2 and 3 in CDCl3. 
 
Suitable crystals for X-ray diffraction analysis were obtained for compound 316 
from a mixture of dichloromethane-hexane. The X-ray structure is shown in Figure 2. 
 
 
Fig. 2 OLEX2 view of 3.17 Thermal ellipsoids are drawn at 50% probability level. The H-
atoms are omitted for clarity. Selected bond length (Å) and angle (°): N1-B1 = 1.555(2), 
N2-B1 = 1.551(2), O3-B1 = 1.448(2), O4-B1 = 1.465(2), N2-B1-N1 = 106.39(13), O3-
B1-N1 = 112.95(14), O3-B1-N2 = 112.34(14), O3-B1-O4 = 104.07(13), O4-B1-N1 = 
110.57(13), O4-B1-N2 = 110.60(13). 
 
The boron atom is in a typical Td geometry. The selected bond distances and 
angles show that the tetrahedron geometry around the boron atom remains similar after O-
functionalization.12 The boron-dipyrromethene is perpendicular to phenyl group 




Chapitre II.2 : Nouveaux synthons BODIPY-DMAP pour l'imagerie bimodale optique/TEP 
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orientation of the bulkier aromatic moiety in 3 supports the fact that aggregation 
phenomena are not favoured in the B-O BODIPY derivatives, in comparison with B-F or 
B-C BODIPY compounds.15 The dihedral angles between the dipyrromethene complex 
and the aromatic moiety are 59.359(47)° and 79.888(40)°, for C26 to C31 and C33 to C38 
respectively. This conformation is also imposed by the crystal packing, where BODIPY 
skeletons arrange themselves in parallel layer (see ESI). 
As the boron substitution reactions allowed us to introduce different functionalities 
on the boron centre, we were interested in coupling these functions with 
polyazamacrocyclic derivatives, which are well known to form stable complexes with 
various cations, in particular radiometals.18 Compound 3 was reacted with two equivalents 
of the aminomethyl-13ane4 macrocycle  (Scheme 3). 
 
 
Scheme 3 Reactivity of some B-O derivatives. 
 
The expected imine compound was not isolated and the bisaminal system 10 was 
isolated instead, which has also previously been observed.19 Different attempts to reduce 
the two aminal functions using NaBH4 in ethanol failed, despite it was previously shown 
to be the best conditions for such a reaction.19 Only the product 11 could be purified and 
isolated in 31% yield, resulting from the substitution of the two phenolic groups by two 
ethanolates.  Concurrently, compound 4 reacts with the 2-hydroxylbenzaldehyde to form 
the bis imine 12 in 65 % yield, but as mentioned above, the imine groups could not be 






























































Scheme 4 Synthesis of compound 12. 
#
These first experiments showed that this method of boro-functionalization is highly 
selective, leading exclusively to the B-O derivatives. However, the B-O bonds are stable 
under mild reaction conditions, but are sensitive towards harsh ones. Conclusively, the B-
O functionalization should be best performed during the last step of a multistep synthesis.  
Table 1 summarizes the photophysical data for all investigated dyes, for which the 
molar absorptivities were determined in THF. All compounds exhibit two absorption 
bands characteristic of the BODIPY signature, which consists of the S0−S1 feature placed 
near 525 nm and the S0−S2 one located near 380 nm, both readily assigned to spin-allowed 
π−π* transitions. Again, the lowest energy absorption maxima (λabs) and molar absorption 
coefficients (ε) are collected in Table 1. They show that the functionalization on the boron 
atom has no influence on λabs (i.e. 523 < λabs < 527 nm). However, molar absorptivity 
decreases with substitution of fluorine by an alcoolate group. This trend is shown in 
Figure 3. A high-energy band near 280 nm appears for 2 and 3, and is attributed to the 
presence of hydroxybenzaldehyde groups. On the other hand, the molar absorptivity of the 
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Fig. 3 Evolution of the absorption spectra from 1 (2F on the boron atom), 2 (1F and 
1 OAr on the boron atom) and 3 (2 OAr on the boron atom) in THF at 298K. 
 
These B-O functionalized dyes were studied by steady state and time-resolved 
emission spectroscopy in 2-MeTHF at room temperature and 77 K. The Stoke shifts are 
generally quite small (between 460 cm-1 for 7 and 870 cm-1 for 1). The emission maxima, 
quantum yields, and lifetimes are given in Table 1. All compounds show an intense 
fluorescence with maxima located between 538 and 550 nm. Interestingly, a 
hypsochromic shift of the emission is observed going from 1 to 2 and from 2 to 3, along 
with a decrease of Stoke shift from 870 to 490 cm-1. The singlet excited state fluorescence 
lifetime τF for all dyes decays with a mono-exponential kinetic with 1.73 < τF < 5.69 ns at 
298 K. The quantum yields ΦF are high, and are not strongly influenced by the nature of 
the boron substituents. Nevertheless, a substantial decrease between compound 8 and 9 in 
both ΦF (from 0.59 to 0.14) and τF (from 3.92 to 1.73 ns) is observed. As expected, τF for 
compounds 2, 4, 6, 9, 11, 12 and 13 are similar to each other at 77 K (7.09 < τF < 9.34 ns). 
Non-radiative processes competing with the fluorescence at 298 K are significantly 
reduced in glass matrices. 
 
Table 1 Absorption and fluorescence spectroscopy data for BODIPY derivativesa 
#
aThe molar absorptivities were measured in THF. Stoke shifts, ∆ν, were calculated using 
equation 1/λabs (max) - 1/λex (max). The fluorescence quantum yields, ΦF, were measured in 2-
MeTHF at 298 K, using Rhodamine 6G as reference (ΦF = 0.94 in MeOH).24 All ΦF are corrected 
for changes in refractive index.25 Fluorescence lifetimes were measured at 298 K and 77 K in 2-
MeTHF. kr (radiative rate constant) and knr (non-radiative rate constant) were calculated using the 
following equations:  kr = ΦF/τF, knr = (1-ΦF)/τF. 
 
It is concluded that all these dyes have similar photophysical properties simply 
because the rigidity of the skeleton and the symmetry of the electronic wavefunctions 
have not been drastically altered upon the B-O functionalization. This is also consistent 
with the similarity of the radiative, kr, and non-radiative rate constants, knr obtained for all 
dyes (0.66 x 108 < kr < 2.31 x 108 s-1, and 0.87 x 108 < knr < 2.66 x 108 s-1). The small 
 
dye !abs(max)/nm 
(!/10"3 M"1 cm"1) 
!em(max)
/nm 
!ex(max)/nm !"#$%&'( ") *)(+,-./0#12( *)(+33/0#12( 45#'6.(2&'( 415#'6.(2&'(
1 525 (86.1) 550 525 870 0.63 4.59 - 1.37 1.59 
2 526 (72.3) 546 526 700 0.66 2.86 8.97 2.31 2.66 
3 526 (61.8) 540 526 490 0.50 2.51 - 1.99 2.39 
4 523 (40.4) 538 522 530 0.42 4.76 8.85 0.88 1.09 
5 526 (80.9) 540 526 490 0.65 2.71 - 2.40 2.77 
6 526 (47.1) 541 527 530 0.31 4.69 9.34 0.66 0.87 
7 527 (69.4) 541 527 460 0.55 4.41 - 1.22 1.45 
8 526 (74.5) 540 526 490 0.59 3.92 - 1.50 1.76 
9 527 (37.8) 544 527 590 0.14 1.73 8.54 0.81 1.39 
11 525 (66.5) 544 525 670 0.36 3.12 7.09 1.15 1.47 
12 524 (62.3) 541 523 600 0.67 5.68 8.91 1.18 1.36 
(
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variation from one another may stem from loose bolt effect of the anchored substituents. 
This effect is hardly quantifiable and is of minor consequence in this work. 
The main drawback for the use of BODIPY dyes in medical imaging is their very 
poor solubility in water. Indeed, it is still currently a great challenge to introduce, in a 
simple manner, solubilizing groups,20 especially in the last step of their synthesis.21 For 
this aim, this B-O functionalization method is adequate for adding solubilizing groups like 
PEG (polyethyleneglycol), which can be introduced during the last step. Moreover, PEG-
containing B-O BODIPY are also interesting because it was demonstrated that they 
prevent molecular aggregation in water.13b Therefore an excess of tetraethyleneglycol 
monomethyl ether was added to the BODIPY ester precursor, and yielded the water 
soluble compound 13 in 25 % yield (Scheme 5). 
 
Scheme 5 Reaction scheme for the introduction of PEG groups on the boron atom. 
 
The absorption, emission and excitation spectra of compound 13 in water are 
represented in Figure 4. It is interesting to note that no aggregation band corresponding to 
either H- or J-dimers could be detected in the UV-Visible spectra. Moreover, the system 
exhibits a strong fluorescence with both ΦF and τF comparable to other common 



























Fig. 4 Absorption (black), emission (red, λex = 470 nm) and excitation (blue, 
λem = 610 nm) spectra of 13 in water at 298 K. 
Finally, the introduction of solubilizing groups such as PEG onto the near-infrared 
emitting BODIPY units such as distyryl BODIPY, is even more convenient for in vivo 
imaging applications, owing to the very low tissue autofluorescence and high tissue 
penetration depth in the NIR spectrum window.22 For this purpose, the distyryl BODIPY 
14 was synthesized using a reported method, which consists in a Knoevenagel 
condensation between 8 and 4 equivalents of p-anisaldehyde in the presence of  p-
toluenesulfonic acid (PTSA) and piperidine, in a Dean Stark apparatus, using dry toluene 
































Scheme 6 Synthesis of PEG-containing distyryl B-O derivatives (15 and 16). 
The reaction can be monitored by UV-Visible spectroscopy. After purification, 14 
can be obtained in 74 % yield. One or two PEG groups were then added onto 14 providing 
15 and 16 in 15 % and 54% yield, respectively. The synthesis of monosubstituted 
derivatives seems to be inherent to the synthesis of B-O derivatives, and it may explain 
why the yields of formation do not exceed 54 %. Interestingly, 16 is water-soluble, despite 
the presence of two hydrophobic styryl groups, which is quite promising for future 




The reported synthesis of B-O BODIPY derivatives represents a promising method 
for selective functionalization of BODIPY. Water-soluble dyes can also be obtained, 
including near-infrared emitting ones. A photophysical study was conducted and 
confirmed that the B-O BODIPY derivatives exhibit rich fluorescence properties and are 
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All chemicals and solvents purchased from Aldrich and Acros were used without 
further purification. BODIPY precursors and the macrocycle (1, 4, 7, 10-
tetraazacyclotridecan-5-yl)methanamine were prepared according to literature 
procedures.6a,19,26 The NMR spectra were recorded at 300.1, 96.3 and 75.5 MHz for 1H, 
11B and 13C, respectively at room temperature. The IR spectra were recorded on ATR 
spectrometer (Attenuated Total Reflectance) with Golden Gate Bruker Vector 22. The 
UV-visible absorption spectra were recorded on Varian Cary 50 and Varian Cary 300 Bio. 
The elemental analyses were performed with Fisons EA-1108 CHNS elemental analyzer 
instrument. The high resolution and accurate mass measurements were carried out using a 
Bruker microTOF-QTM ESI-TOF (Electro Spray Ionization – Time of Flight) and a 
Thermo Scientific* LTQ Orbitrap mass spectrometers. The steady-state fluorescence 
emission and excitation spectra were obtained on a Fluorolog SPEX 1680 0.22m double 
monochromator spectrometer. All fluorescence spectra were corrected for apparatus 
response. Fluorescence lifetimes were measured on an apparatus incorporating a nitrogen 
laser as the source and a high-resolution dye laser (fwhm = 1.4 ns). Fluorescence lifetimes 
were obtained from high-quality decays and deconvolution or distribution lifetime 
analysis. The uncertainties ranged from 20 to 40 ps on the basis of multiple 
measurements. 
 
Compound 1. 2,4-Dimethylethylpyrrole (7.5 g, 60.9 mmol) and methyl 4-formylbenzoate 
(5.0 g, 30.5 mmol) were dissolved in dichloromethane (2 L). Trifluoroacetic acid (140 µL) 
was added and the mixture was stirred at room temperature for 24 h. A solution of 2,3-
dichloro-5,6-dicyano-p-benzoquinone (6.9 g, 30.5 mmol) in dichloromethane was added 
to the mixture and the solution was further stirred for 50 min, and triethylamine (60 mL) 
and BF3, Et2O (60 mL) were added, and the reaction mixture turned purple. After stirring 
for 1 h, the reaction mixture was washed with water, dried over magnesium sulfate and 
the solvent was evaporated. The residue was purified by silica gel column 
chromatography (dichloromethane–hexane 40 : 60) followed by recrystallization in a 
mixture of dichloromethane and hexane to give pure 1 as a red solid (m = 6.0 g, 
yield = 45%). 1H NMR (300 MHz, CDCl3): δ 0.90 (t, 3J = 7.6 Hz, 6H), 1.18 (s, 6H), 2.22 
(q, 3J = 7.6 Hz, 4H), 2.46 (s, 6H), 3.90 (s, 3H), 7.33 (d, 3J = 8.4 Hz, 2H), 8.10 (d, 3J = 8.4 
Hz, 2H). 
 
Compounds 2 and 3. 700 mg of 1 (1.6 mmol) were added to a solution of aluminium 
trichloride (320 mg, 3.0 mmol) in dry dichloromethane (35 mL). The mixture was 
refluxed for 10 min under a nitrogen atmosphere. After cooling to room temperature, 950 
mg of 4-hydroxybenzaldehyde (7.8 mmol) were added to the purple solution, and the 
resulting mixture was stirred at room temperature for 30 min. The reaction mixture was 
washed with water (3×10 mL) to remove the excess of aluminum chloride. The organic 
fraction was dried over MgSO4 and the solvent was removed under reduced pressure. The 
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crude product was purified by silica gel column chromatography (ethyl acetate/hexane 
1:1) followed by recrystallization in a mixture of dichloromethane/ hexane to give pure 2 
(190 mg, 22 % yield) and 3 (360 mg, 49 % yield) as reddish solids. Compound 2: 1H 
NMR (300 MHz, CDCl3): δ 0.89 (t, 3J = 7.6 Hz, 6H), 1.26 (s, 6H), 2.21 (q, 3J = 7.5 Hz, 
4H), 2.45 (s, 6H), 3.97 (s, 3H), 6.65 (d, 3J = 8.6 Hz, 2H), 7.43 (m, 2H), 7.54 (d, 
3J = 8.7 Hz, 2H), 8.26 (m, 2H), 9.76 (s, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ 11.9 
(*2), 12.7 (*2), 14.5 (*2), 17.1 (*2), 52.4, 118.3 (*2), 128.6 (*2), 128.7 (*2), 128.8 (*2), 
130.3 (*2), 130.4 (*2), 130.5 (*2), 132.0 (*2), 133.7, 138.7, 138.7, 140.4, 154.8, 166.5, 
190.9. 11B NMR (192.5 MHz, CDCl3): δ 0.82 (d, 1J = 25.8 Hz). ESI-MS: m/z = 563.4 
[M+Na]+. UV-Vis λmax (CH3CN)/nm: 527 (ε/M-1cm-1: 72300), 496 (23000), 380 (7400), 
278 (20300), 241 (27700), 227 (24100). Anal. calcd. for C32H34BN2O4, 0.1 H2O: C 
(70.88 %), H (6.36 %), N (5.17 %); found: C (70.64 %), H (6.44 %), N (5.04 %). 
Compound  3: 1H NMR (300 MHz, CDCl3): δ 0.87 (t, 3J = 7.6 Hz, 6H), 1.33 (s, 6H), 2.21 
(q, 3J = 7.6 Hz, 4H), 2.49 (s, 6H), 4.03 (s, 3H), 6.76 (d, 3J = 8.6 Hz, 4H), 7.43 (d, 
3J = 8.2 Hz, 2H), 7.69 (d, 3J = 8.6 Hz, 4H), 8.26 (d, 3J = 8.2 Hz, 2H), 9.83 (s, 2H). 13C{1H} 
NMR (75 MHz, CDCl3): δ 12.1 (*2), 12.9 (*2), 14.4 (*2), 17.0 (*2), 52.5, 118.7 (*4), 
128.6 (*2), 129.1 (*2), 130.6 (*2), 130.8, 131.1, 131.9 (*4), 134.3 (*2), 139.1, 139.2 (*2), 
140.0 (*2), 155.3 (*2), 162.4 (*2), 166.4, 191.0 (*2). 11B NMR (192.5 MHz, CDCl3): δ 
0.84 (s). ESI-MS: m/z = 665.28 [M+Na]+, 1307.55 [2M+Na]+, 1949.81 [3M+Na]+. UV-
Vis λmax (CH3CN)/nm: 526 (ε/M-1cm-1: 61800), 496 (23300), 382 (7700). 
 
Compound 4. 0.5 mL of ethanolamine (8.33 mmol) was added to a vigorously stirred 
suspension of 200 mg of aluminium trichloride (1.54 mmol) and 270 mg of 4,4-difluoro-
8-phenyl-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacene (0.71 mmol) in 
dry dichloromethane (30 mL). The mixture was refluxed for 2 h. The crude product was 
purified by silica gel column chromatography (dichloromethane/Et3N 95:5) followed by 
recrystallization in a mixture of dichloromethane/hexane to obtain pure 4 as a red solid 
(46 mg, 14 % yield). 1H NMR (300 MHz, CDCl3): δ 0.91 (t, 3J = 7.5 Hz, 6H), 1.20 (s, 
6H), 1.90 (br.s, 4H), 2.22 (q, 3J = 7.5 Hz, 4H), 2.49 (s, 6H), 2.63 (t, 3J = 5.3 Hz, 4H), 2.95 
(t, 3J = 5.3 Hz, 4H), 7.20-7.23 (m, 2H), 7.39-7.41 (m, 3H). 13C{1H} NMR (75 MHz, 
CDCl3): δ 11.7 (*2), 12.6 (*2), 14.7 (*2), 17.9 (*2), 43.7 (*2), 63.0 (*2), 128.4 (*2), 
128.6, 128.9 (*2), 132.0 (*2), 132.6 (*2), 136.2 (*2), 136.8 (*2), 140.2, 153.6. 11B NMR 
(192.5 MHz, CDCl3): δ 2.18 (s). UV-Vis λmax (CH3CN/H2O 4:1)/nm: 522 (ε/M-1cm-1: 
36900), 494 (14700), 392 (4900), 374 (5100), 323 (4400), 287 (4300), 232 (13000). IR 
nmax/cm-1: 3366 (w), 1538 (s), 1417 (s), 1303 (s), 1173 (s), 1111 (s), 969 (s). ESI-MS: 
m/z = 485.3060 [M+Na]+. HRMS (ESI) 485.3060, calculated for C27H39BN4O2Na+ 
485.3063. 
 
Compound 6. 0.25 mL of ethanolamine (4.12 mmol) was added to a vigorously stirred 
suspension of 70 mg of aluminium trichloride (0.52 mmol) and 100 mg of 5 (0.20 mmol) 
in dry dichloromethane (10 mL). The mixture was refluxed for 2 h. The crude product was 
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purified by silica gel column chromatography (dichloromethane/Et3N 9:1) and 
recrystallization in a mixture of dichloromethane/hexane was performed to give pure 6 as 
a red solid (40 mg, 34% yield). 1H NMR (300 MHz, CDCl3): δ 0.91 (t, 3J = 7.6 Hz, 6H), 
1.25 (s, 6H), 1.39 (br.s, 4H), 2.24 (q, 3J = 7.6 Hz, 4H), 2.49 (s, 6H), 2.64 (t, 3J = 5.4 Hz, 
4H), 2.92 (t, 3J = 5.4 Hz, 4H), 6.99 (d. 3J = 8.3 Hz, 2H), 7.76 (d, 3J = 8.3 Hz, 2H). 
13C{1H} NMR (75 MHz, CDCl3): δ 12.0 (*2), 12.7 (*2), 14.7 (*2), 17.2 (*2), 43.9 (*2), 
64.2 (*2), 94.3, 130.3 (*2), 131.8, 132.8 (*2), 135.9 (*2), 136.4 (*2), 138.1 (*2), 138.5, 
154.0 (*2). 11B NMR (192.5 MHz, CDCl3): δ 2.26 (s). IR (cm-1): 3366 (w), 3266 (w), 
1539 (s), 1467 (s), 1308 (s), 1175 (s), 1110 (s), 969 (s). UV-Vis λmax (CH3CN/H2O. 
4:1)/nm: 524 (ε/ M-1cm-1 53800), 492 (20300), 396 (5900), 371 (6700), 323 (5000), 286 
(5300), 240 (33900). ESI-MS: 611.2 [(М+Na)+], 528.2 [(М-OC2H6N)+], HRMS (ESI) 
611.2016, calculated for C27H38BIN4O2Na+ 611.2030. Anal. calcd. for C27H42.4BIN4O2: 
calculated C (51.64%), H (6.81%), N (8.92%); found C (51.32%), H (6.33%), N (8.44%). 
 
Compound 7. 2,4-Dimethylethylpyrrole (10.3 g, 83.9 mmol) and 4-carboxybenzaldehyde 
(6.3 g, 42 mmol) were dissolved in dichloromethane (2.6 mL). Trifluoroacetic acid (328 
µL) was added and the mixture was stirred at room temperature for 48 h. A solution of 
DDQ 2,3-dichloro-5,6-dicyano-p-benzoquinone (9.53 g, 42 mmol) in dichloromethane 
was added and the mixture was stirred for 50 min. Triethylamine (84 mL, 630 mmol) and 
BF3, Et2O (85 mL, 672 mmol) were added and the solution turned purple. After 2 h of 
stirring, the reaction mixture was washed with water, dried over magnesium sulfate and 
the solvent was evaporated. The residue was purified by silica gel column 
chromatography (AcOEt–hexane 90 : 10). Recrystallization in a mixture of 
dichloromethane and hexane gave 7 as a red solid (m = 8.40 g, yield = 47%). 1H NMR 
(300 MHz, CDCl3) δ 0.92 (t, 3J = 7.5 Hz, 6H), 1.21 (s, 6H), 2.24 (q, 3J = 7.5 Hz, 4H), 
2.47 (s, 6H), 7.39 (d, 3J = 8.4 Hz, 2H), 8.18 (d, 3J = 8.4 Hz, 2H). 
 
Compound 8. N-Hydroxybenzotriazole (640 mg, 4.7 mmol), diisopropylamine (1.15 mL, 
7.1 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (900 mg, 
4.7 mmol) and 4-nitrophenethylamine hydrochloride (486 mg, 2.4 mmol) were added 
dropwise to a solution of 7 (1 g, 2.4 mmol) in 50 mL of dimethylformamide and the 
solution was stirred at room temperature. After total consumption of starting 
material (2 h) monitored by TLC, the solvent was evaporated. The resulting solid was 
washed with water (2*100 mL) and extracted with dichloromethane. The organic layer 
was dried over magnesium sulphate and the solvent was evaporated to give a red oil. The 
crude product was purified by column chromatography on silica gel (ethyl acetate/hexane 
60:40) followed by recrystallization in a mixture of dichloromethane and hexane to give 
pure 8 as a reddish solid (1.21 g, 76% yield). 1H NMR (300 MHz, CDCl3): δ 0.95 (t, 
3J = 7.5 Hz, 6H), 1.22 (s, 6H), 2.27 (q, 3J = 7.5 Hz, 4H), 2.51 (s, 6H), 3.10 (t, 3JA = 7.1 Hz, 
2H), 3.78 (td, 3JA = 7.1 Hz, 3JB = 6.0 Hz, 2H), 6.27 (t, 3JB = 6.0 Hz, 1H), 7.37 (d, 
3J = 8.3 Hz, 2H), 7.43 (d, 3J = 8.7 Hz, 2H), 7.83 (d, 3J = 8.3 Hz, 2H), 8.19 (d, 3J = 8.7 Hz, 
2H). 13C{1H} NMR (75 MHz, CDCl3): δ 12.0 (*2), 12.3 (*2), 14.3 (*2), 17.0 (*2), 35.7, 
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41.0, 124.0 (*2), 127.5 (*2), 129.0 (*2), 129.7 (*2), 130.4, 133.1, 134.5, 138.0 (*2), 138.5 
(*2), 139.5, 146.6 (*2), 146.9, 154.3 (*2), 166.8. 11B NMR (192.5 MHz, CDCl3): δ 0.78 
(t, 1J = 33.6 Hz), ESI-MS: m/z = 578. 28 [M+H]+, 595.26 [M+Na]+. UV-Vis λmax 
(THF)/nm: 524 (ε/M-1 cm-1 78700), 496 (28100), 377 (8800). Anal. calcd. for 
C32H35BF2N3O3: Calculated C (67.14 %), H (6.16 %), N (9.79 %) ; found C (66.78 %), H 
(6.27 %), N (9.33 %). 
 
Compound 9. 145 mg of 4-hydroxyphenylacetate (0.87 mmol) were added to a 
vigorously stirred suspension of 117 mg of aluminium trichloride (0.87 mmol) and 
100 mg of 8 (0.17 mmol) in dry dichloromethane (25 mL). The mixture was stirred at 
room temperature for 30 min. The crude product was purified by silica gel column 
chromatography (ethyl acetate/hexane 4:1) followed by recrystallization in a mixture of 
dichloromethane/hexane to obtain pure 9 as a reddish solid (183 mg, 38 % yield). 1H 
NMR (300 MHz, CDCl3): δ 0.83 (t, 3J = 7.5 Hz, 6H), 1.22 (s, 6H), 2.15 (q, 3J = 7.5 Hz, 
4H), 2.47 (s, 6H), 3.11 (t, 3JA = 7.1 Hz, 2H), 3.45 (s, 4H), 3.63 (s, 6H), 3.79 (td, 
3JA = 7.1 Hz, 3JB = 6.0 Hz, 2H), 6.36 (t, 3JB = 6.0 Hz, 1H), 6.52 (d, 3J = 8.6 Hz, 4H), 6.95 
(d, 3J = 8.6 Hz, 4H), 7.30 (d, 3J = 8.3 Hz, 2H), 7.43 (d, 3J = 8.7 Hz, 2H), 7.86 (d, 
3J = 8.3 Hz, 2H), 8.19 (d, 3J = 8.7 Hz, 2H). 13C{1H} NMR (75 MHz, CDCl3): δ 12.1 (*2), 
12.9 (*2), 14.6 (*2), 17.1 (*2), 35.8, 40.3 (*2), 41.0, 51.9 (*2), 115.5-118.7-124.0-124.6-
127.6-129.1-129.7-129.8-130.5-130.9-133.7-134.5-137.9-139.7-146.6-155.2-155.8 (*33), 
166.9, 172.8 (*2). 11B NMR (192.5 MHz, CDCl3): δ 0.85 (s). ESI-MS: m/z = 767.37 
[M2+Na]+, 783.34 [M2+K]+, 865.37 [M+H]+, 887.39 [M+Na]+, 903.36 [M+K]+. UV-Vis 
λmax (THF)/nm: 527 (ε/M-1cm-1: 37800), 500 (16200), 381 (6500), 277 (23900). 
 
Compound 10. 230 mg of 3 (1.07 mmol) were added to a solution of 13aneN4 (340 mg, 
0.53 mmol) in a mixture of ethanol/acetonitrile (100 mL/20 mL). The solution was stirred 
at room temperature for 48 h. After evaporation of the solvent, the residue was dissolved 
in dichloromethane (50 mL) and washed 3 times with water (50 mL). The organic layer 
was isolated, dried over magnesium sulphate and the solvent was evaporated to give 10 as 
a reddish solid (318 mg, 57 % yield). 11B NMR (192.5 MHz, CDCl3): δ 0.81 (s). ESI-MS: 
m/z = 519.36 [M+2H]2+, 530.35 [M+H+Na]2+, 1037.69 [M+H]+. 
 
Compound 11. 31 mg of NaBH4 (830 µmol) were slowly added to a solution of 10 
(86 mg, 83 µmol) in 20 mL of EtOH. The mixture was stirred at room temperature for 15 
h. and the solvent was evaporated. The residue was dissolved in 20 mL of chloroform and 
the insoluble salts were eliminated by filtration on Clarcel ®. The filtrate was evaporated 
and the crude product was purified by column chromatography on silica gel (ethyl 
acetate/hexane 50:50) followed by precipitation in DCM/hexane. The desired compound 
was not observed, but the byproduct 11 was obtained as a reddish solid (13 mg, 31 % 
yield). 1H NMR (300 MHz, CDCl3): δ 0.91 (t, 3J = 7.5 Hz, 6H), 0.97 (t, 3J = 7.0 Hz, 6H), 
1.19 (s, 6H), 1.38 (t, 3J = 7.1 Hz, 3H), 2.23 (q, 3J = 7.5 Hz, 4H), 2.49 (s, 6H), 2.98 (q, 
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3J = 7.0 Hz, 4H), 4.37 (q, 3J = 7.1 Hz, 2H), 7.34 (d, 3J = 8.3 Hz, 2H), 8.10 (d, 3J = 8.3 Hz, 
2H). 13C{1H} NMR (75 MHz, CDCl3): δ 10.9 (*2), 11.5 (*2), 13.4, 13.8 (*2), 16.2 (*2), 
16.8(*2), 55.5 (*2), 60.3, 127.9 (*2), 129.0 (*2), 129.6, 130.5 (*2), 131.5 (*2), 134.8 (*2), 
137.5, 140.5, 153.6 (*2), 165.2. 11B NMR (192.5 MHz, CDCl3): δ 1.94 (s). ESI-MS: 
m/z = 527.31 [M+Na]+, UV-Vis λmax (CH3CN)/nm: 522 (ε/M-1cm-1: 55600), 496 (25200), 
381 (6800). 
 
Compound 12. To a solution of diamine 4 (50 mg, 0.11 mmol) in dry ethanol (4 mL) 
under argon was added salicylaldehyde (0.035 mL. 0.44 mmol) and the reaction mixture 
was stirred at room temperature over molecular sieves over night. The solvent was 
removed under reduced pressure. The crude product was purified by alumina gel column 
chromatography (dichloromethane) to obtain 12 (48 mg, 65% yield) as a reddish oil which 
slowly crystallized during storage. 1H NMR (300 MHz, CDCl3): δ 0.93 (t, 3J = 7.5 Hz, 
6H), 1.25 (s, 6H), 2.20 (q, 3J = 7.5 Hz, 4H), 2.38 (s, 6H), 3.26 (t, 3J = 6.0 Hz, 4H), 3.63 (t, 
3J = 6.0 Hz, 4H), 6.80 (td, 3J = 7.4, 4J = 1.1 Hz, 2H), 6.86 (d, 3J = 8.0 Hz, 2H), 7.17 (dd, 
3J = 7.7 Hz, 4J =1.8 Hz, 2H), 7.23 (td, 3J = 7.7, 4J = 1.8 Hz, 2H), 7.26-7.32 (m, 2H), 7.44-
7.47 (m, 3H), 8.30 (s, 2H).1 13C{1H} NMR (75 MHz, CDCl3): δ 11.1 (*2), 12.5 (*2), 14.6 
(*2), 17.1 (*2), 61.3 (*2), 61.8 (*2), 116.9 (*2), 118.2 (*2), 118.9, 128.5, 128.6 (*2), 
128.9 (*2), 131.1 (*2), 131.8 (*2), 131.9, 132.0 (*2), 132.7 (*2), 136.3, 136.8 (*2), 140.1, 
153.9 (*2), 161.6 (*2), 165.6 (*2). 11B NMR (192,5 MHz, CDCl3): δ 2.01 (s). IR (cm-1): 
3056 (w), 2960 (w), 1632 (s), 1538 (s), 1469 (s), 1304 (s), 1175 (s), 1113 (s), 970 (s). UV-
Vis λmax (CH3CN/H2O, 4:1)/nm: 524 (ε/M-1 cm-1 61000), 492 (19600), 404 (7500), 387 
(8100), 323 (8900), 281 (10100), 253 (23700), 215 (54700). ESI MS 693.4 [(М+Na)+], 
506.3 [(М-OC2H4NCHC6H4OHN)+]. HRMS (ESI) 693.3596, calculated for 
C41H47BN4O4Na+ 693.3583. 
 
Compound 13. 111.00 µL of tetraethyleneglycol monomethyl ether (0.57 mmol) were 
added to a vigorously stirred suspension of aluminium m trichloride (76 mg, 0.57 mmol) 
and 50 mg of 1 (0.11 mmol) in dry dichloromethane (15 mL). The mixture was stirred at 
room temperature for 30 min. The crude product was purified by silica gel column 
chromatography (dichloromethane/methanol 9:1) to obtain pure 13 as a reddish oil (23 
mg, 25 % yield). 1H NMR (300 MHz, CDCl3): δ 0.95 (t, 3J = 7.5 Hz, 6H), 1.20 (s, 6H), 
2.15 (q, 3J = 7.5 Hz, 4H), 2.49 (s, 6H), 3.34 (s, 6H), 3.57 (m, 32H), 3.95 (s, 3H), 7.38 (d, 
3J = 8.3 Hz, 2H), 8.13 (d, 3J = 8.3 Hz, 2H). 13C{1H} NMR (75 MHz, CDCl3): δ 11.8 (*2), 
12.5 (*2), 14.7 (*2), 17.1 (*2), 52.4, 59.0-60.5-61.8-70.5-71.9-72.2-72.6 (*18), 129.0 
(*2), 130.1 (*2), 130.4, 131.5 (*2), 132.7 (*2), 136.3 (*2), 138.4, 141.4, 154.6 (*2), 166.7. 
11B NMR (192.5 MHz, CDCl3): δ 2.08 (s). ESI-MS: m/z = 837.47 [M+Na]+. UV-Vis λmax 
(THF)/nm: 524 (ε/ M-1cm-1: 46400), 494 (14800), 379 (5200), 318 (5700), 270 (7100), 
240 (22800). 
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Compound 14. Compound 8 (500 mg, 0.87 mmol) and p-anisaldehyde (425 µL, 
3.49 mmol) were dissolved in dry toluene (50 mL). p-toluenesulfonic acid (PTSA, 24 mg, 
0.14 mmol) and piperidine (3 mL, 30 mmol). The mixture was refluxed during 2 h in 
Dean-Stark apparatus and the solvent was removed in situ. 50 mL of dry toluene and 3 
mL of piperidine (30 mmol) were added, and the mixture was refluxed 2 h once again. 
After total consumption of starting material followed by UV-Vis, the solvent was 
evaporated. The resulting solid was washed with water (3*100mL) and extracted with 
dichloromethane. The organic layer was dried over magnesium sulphate and the solvent 
was evaporated. The crude product was purified by column chromatography on silica gel 
(dichloromethane) followed by a recrystallization in a mixture of dichloromethane and 
hexane to give pure 14 as a blue solid (521 mg, 74 % yield). 1H NMR (300 MHz, CDCl3): 
δ 1.08 (t, 3J = 7.5 Hz, 6H), 1.22 (s, 6H), 2.53 (q, 3J = 7.5 Hz, 4H), 3.05 (t, 3JA = 7.1 Hz, 
2H), 3.72 (td, 3JA = 7.1 Hz, 3JB = 5.9 Hz, 2H), 3.78 (s, 6H), 6.26 (t, 3JB = 5.9 Hz, 1H), 6.87 
(d, 3J = 8.8 Hz, 4H), 7.15 (d, 3J = 16.7 Hz, 2H), 7.35 (d, 3J = 8.2 Hz, 2H), 7.37 (d, 
3J = 8.7 Hz, 2H), 7.51 (d, 3J = 8.3 Hz, 4H), 7.60 (d, 3J = 16.7 Hz, 2H), 7.79 (d, 
3J = 8.2 Hz, 2H), 8.14 (d, 3J = 8.7 Hz, 2H). 13C{1H} NMR (75 MHz, CDCl3): δ 11.8 (*2), 
14.1 (*2), 18.4 (*2), 35.7, 41.0, 55.4 (*2), 114.3 (*4), 118.0 (*2), 123.9 (*2), 127.6 (*2), 
128.8 (*4), 129.3 (*2), 129.6 (*2), 130.2 (*2), 132.5, 134.0 (*2), 134.6 (*2), 135.9 (*2), 
136.2, 138.3 (*2), 139.8, 146.6, 146.9, 150.9 (*2), 160.4 (*2), 166.7 (C=O). 11B NMR 
(192,5 MHz, CDCl3): δ 1.24 (t, 1J = 34.4 Hz). ESI-MS: m/z = 831.3 [M+Na]+, 847.3 
[M+K]+. UV-Vis λmax (THF)/nm: 655 (ε/ M-1cm-1: 96700), 606 (37700), 425 (11900), 369 
(68700), 333 (30200), 317 (28000), 258 (24900). 
 
Compounds 15 and 16. 60 µL of tetraethyleneglycol monomethyl ether (307 µmol) were 
added to a vigorously stirred suspension of aluminium trichloride (41 mg, 307 µmol) and 
50 mg of 14 (62 µmol) in dry dichloromethane (15 mL). The mixture was stirred at room 
temperature for 30 min. The crude product was purified by silica gel column 
chromatography (dichloromethane/methanol 9:1) to obtain pure 15 (9 mg, yield = 15% 
yield) and pure 16 (40 mg, 54 % yield). Compound 15: 1H NMR (300 MHz, CDCl3): δ 
1.12 (t, 3J = 7.5 Hz, 6H), 1.24 (s, 6H), 2.57 (q, 3J = 7.5 Hz, 4H), 3.06 (t, 3JA = 7.3 Hz, 2H), 
3.32 (s, 3H), 3.20-3.55 (m, 16H), 3.78 (td, 3JA = 7.3 Hz, 3JB = 5.8 Hz, 2H), 3.83 (s, 6H), 
6.53 (t, 3JB = 5.8 Hz, 1H), 6.90 (d, 3J = 8.6 Hz, 4H), 7.14 (d, 3J = 16.9 Hz, 2H), 7.30 (dd, 
3JC = 7.9 Hz, 3JD = 1.5 Hz, 1H), 7.37 (d, 3J = 8.7 Hz, 2H), 7.42 (dd, 3JC = 7.9 Hz, 3JD = 1.5 
Hz, 1H), 7.55 (d, 3J = 8.6 Hz, 4H), 7.72 (dd, 3JC = 7.9 Hz, 3JD = 1.5 Hz, 1H), 7.89 (d, 
3J = 16.8 Hz, 2H), 7.90 (dd, 3JC = 7.9 Hz, 3JD = 1.5 Hz,  1H), 8.16 (d, 3J = 8.7 Hz, 2H). 
ESI-MS: m/z = 1019.5 [M+Na]+. Compound 16: 1H NMR (300 MHz, CDCl3): δ 1.14 (t, 
3J = 7.5 Hz, 6H), 1.26 (s, 6H), 2.57 (q, 3J = 7.5 Hz, 4H), 3.12 (t, 3JA = 7.1 Hz, 2H), 3.31 (s, 
6H), 3.35-3.75 (m, 32H), 3.79 (td, 3JA = 7.1 Hz, 3JB = 5.9 Hz, 2H), 3.83 (s, 6H), 6.39 (t, 
3JB = 5.9 Hz, 1H), 6.91 (d, 3J = 8.7 Hz, 4H), 7.05 (d, 3J = 16.9 Hz, 2H), 7.43 (d, 
3J = 8.2 Hz, 2H), 7.44 (d, 3J = 8.7 Hz, 2H), 7.56 (d, 3J = 8.7 Hz, 4H), 7.86 (d, 3J = 8.2 Hz, 
Chapitre II.2 : Nouveaux synthons BODIPY-DMAP pour l'imagerie bimodale optique/TEP 
 
 99#
2H), 8.01 (d, 3J = 16.9 Hz, 2H), 8.19 (d, 3J = 8.7 Hz, 2H). 11B NMR (192.5 MHz, CDCl3): 
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Dans( l'article( 1,( nous( avons( vu( que( la( réduction( des( deux( fonctions( aminal( du(
composé(10(n'a(pas(permis(d'accéder(au(composé(bodipy=bismacrocycle(ciblé.(D'autres(
voies( d'accès( à( un( O&BODIPY( porteur( de( deux( macrocycles( sur( l'atome( de( bore( ont(
cependant(été(explorées.(Nous(détaillons(ici(deux(d'entre(elles.(
Tout( d'abord,( il( a( été( envisagé( d'introduire( une( fonction( phénol( sur( un(
macrocycle( dérivé( du( 13aneN4( puis( de( réaliser( la( O&fonctionnalisation( en( dernière(
étape.( La( synthèse( du( macrocycle( a( été( réalisée( par( condensation( du( 4=
hydroxybenzaldéhyde( sur( l'amine( secondaire( du( macrocycle.( Comme( décrit( dans(
l'article,(la(formation(de(la(base(de(Schiff(attendue(n'est(pas(observée.147(L'intermédiaire(
obtenu( est( un( aminal( exocyclique,( favorisé( par( la( formation( d'un( cycle( stable( à( six(
chaînons148,( comme( le( montre( le( Schéma( 4.( L'ouverture( de( la( fonction( aminal( est(
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Suite# à# ces# échecs,# nous# avons# envisagé# une# autre# voie# d'accès# à# un#O0BODIPY#
fonctionnalisé# par# deux#macrocycles# dérivés# du# 13aneN4.# Elle# implique# l'introduction#







par# l'atome# de# bore,# un# groupe# nitrobenzyle# a# été# introduit# en# position# meso.# Le#
groupement#nitro#peut# être#ultérieurement# transformé#en# fonction# isothiocyanate#par#
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En# effet,# même# si# la# formation# du# diacide# A2# a# été# mise# en# évidence# par#
spectrométrie# de# masse,# de# nombreuses# impuretés# se# sont# formées# au# cours# de# la#












par# la# présence# des# groupements# méthyles# sur# les# positions# βEpyrroliques.# Les# deux#
noyaux# d'hydrogène# de# chacune# des# deux# positions# ortho# et#meta# peuvent# donc# être#
différenciés#lorsque#l'atome#de#bore#porte#deux#substituants#différents.#Par#conséquent,#
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sélective# différents# groupements# réactifs# parmi# lesquels# des# amines# et# des# dérivés#
carbonylés# au# niveau# de# l'atome# de# bore.# De# nouveaux# O0BODIPY# ont# ainsi# pu# être#
synthétisés# et# étudiés.# Les# paramètres# d'absorption# et# d'émission# de# ces# composés#
(longueurs# d'onde# d'absorption# et# d'émission,# coefficients# d'absorption# molaire,#
rendements#quantiques#et#temps#de#vie#de#fluorescence)#restent#comparables#à#ceux#de#
leurs# précurseurs# difluorés.# La# formation# de# liaisons# BEO# n'affecte# pas# la# forte#
fluorescence#des#BODIPY.#
Cette# méthode# de# fonctionnalisation# de# l'atome# de# bore# s'avère# une# stratégie#
efficace#pour# l'introduction,# en#une#étape,#de#groupements#hydrosolubilisants# tels#que#
des#groupements#polyéthylèneglycol.#La#formation#de#certains#produits#secondaires#au#
cours# de# la# réaction# (groupements# hydroxy,#méthoxy# ou# éthoxy# sur# l’atome# de# bore)#
mise# en# évidence# à# plusieurs# reprises# permet# d’expliquer# les# rendements# de# réaction#
modérés.# Différentes# stratégies# ont# été# employées# pour# introduire# deux#
tétraazamacrocycles# sur# un# BODIPY# par#O0fonctionnalisation# se# sont# soldées# par# des#
échecs.# La# postEfonctionnalisation# des# O0BODIPY# s'avère# parfois# délicate,# et# une#






























dérivé& du& 13aneN4& ont& débuté& lors& de& la& thèse& du& Dr.& C.& Bernhard.& Ils& ont& permis& la&
synthèse&et&la&caractérisation&des&nouveaux&composés&3&et&10.&La&réduction&du&composé&
10& n'a& cependant& pas& permis& d'accéder& au& produit& désiré.& J'ai& réalisé& à& nouveau& cette&
synthèse,&confirmant&que&la&réduction&des&fonctions&aminal&du&composé&10&en&présence&
de& borohydrure& de& sodium&n’avait& pas& lieu.& A& cette& occasion,& j'ai& isolé& le& composé&11.&
Avec&l'objectif&de&trouver&d'autres&moyens&d'introduire&le&macrocycle&sur&le&BODIPY&par&
O"fonctionnalisation,& mais& aussi& de& greffer& des& groupements& hydrosolubilisants,& j'ai&
synthétisé&et&caractérisé&les&composés&8,&9,&&14&et&16.&Notons&que&j'ai&également&pu&isoler&
les& composés& 2& et& 15& (O"BODIPY& monofonctionnalisés)& au& cours& de& ce& travail.& Les&
composés&4,&6&et&12&ont&été&synthétisés&et&caractérisés&par&Yulia&Volkova,&stagiaire&postX





Concernant& la& rédaction& de& l'article,& j'ai& participé& à& la& rédaction& des& différentes&
parties& du&manuscrit,& avec& une& contribution& principale& pour& la& rédaction& de& la& partie&
«&résultats& photophysiques&»,& et& du& «&supporting& information&».& Christine& Goze,& Claire&








La& majorité& des& MOMIA& décrits& pour& l'imagerie& bimodale& optique/nucléaire&
comportent&un&agent& chélatant&permettant&de& complexer&un& radiométal.149X151& Il& existe&
peu&d'exemples&de&MOMIA&dans&lesquels&le&radioélément&est&lié&par&liaison&covalente&au&
reste& de& la&molécule,& comme&par& exemple& le& Cy& 7.5X18FXLymphoseek& (chapitre& I.3.2.2).&
Ces& systèmes& possèdent& pourtant& l'avantage& de& posséder& une& structure& simple& et& de&
faible&poids&moléculaire,&permettant&à&priori&de&modifier&au&minimum&les&propriétés&de&
liaison& du& vecteur& avec& sa& cible.& Dans& notre& démarche& d'élaboration& de& sondes&
bimodales&optique/TEMP&ou&TEP&à&base&de&BODIPY,&nous&avons&cherché&à&développer&
de& nouveaux& synthons& BODIPY& permettant& d'être& marqués& par& un& radioélément.& Peu&
d'exemples&de&ce&type&existent&dans&la&littérature.&Citons&les&travaux&de&l'équipe&de&Ono&






Citons& également& les& travaux& du& groupe& de& Perrin& qui& a& élaboré& un& système&













grâce#au#développement#du# [18F]FDG#pour# l'imagerie# clinique.# Il#possède#un# temps#de#
demiEvie#(110#min)#suffisamment# long#pour#réaliser# le#radiomarquage#du#radiotraceur#
suivi# de# l'examen# d'imagerie.# Il# existe# de# nombreuses# stratégies# de# radiofluoration,#
décrites# dans# plusieurs# revues.154E157# Certaines# d'entre# elles# consistent# à# former# une#
liaison#BEF,#connue#pour#être#thermodynamiquement#très#stable.158#Pour#le#BODIPYE18F#








intermédiaire#de# type#BEOTf#est# isolé.#Notons#que#seul# le#produit#de#monosubstitution#
est# observé,# bien# que# deux# équivalents# de# TMSOTf# soient# utilisés.# L'intermédiaire# de#
type# BEOTf# réagit# ensuite# avec# la# diméthylaminopyridine# (DMAP)# pour# conduire# au#
dérivé# BEDMAP# avec# un# rendement# de# 82#%.# Le# dérivé# BEDMAP# obtenu# présente#
l'avantage# d'être# stable# en# présence# d'eau,# contrairement# au# dérivé# BEOTf# qui#
s'hydrolyse#facilement.#Il#réagit#quantitativement#et#instantanément#avec#le#fluorure#de#
tétraEnEbutylammonium#pour#former#le#dérivé#BF2#(Schéma#9).#Notons#que#le#dérivé#BE



















! La# seconde# approche# décrite# dans# la# littérature# implique# la# synthèse# d'un#
intermédiaire# de# type# BEOH.160# Afin# d'éviter# l'introduction# de# deux# groupements#
hydroxyles#sur#l'atome#de#bore,#un#dérivé#PhEBECl#est#d'abord#synthétisé.#La#liaison#BEC#
est#en#effet# très#stable,# contrairement#à# la# liaison#BECl#qui#s'hydrolyse# facilement#pour#
former# le# dérivé# ciblé# PhEBEOH.160# Le# dérivé# BEOH# possède# néanmoins# une# faible#
réactivité# visEàEvis# des# agents# fluorants#:# la# fluoration# en# présence# de# bifluorure# de#







radiofluoration# d'un# BODIPY.161# Un# BODIPY# de# type# PhEBEOH# est# utilisé;# il# porte# une#
fonction# triflate#d'ammonium#en#position#meso# qui# permet#de# le# rendre#hydrosoluble.#
Les# conditions# de# radiofluoration# ont# été# optimisées# afin# d'accélérer# la# réaction.#
[18F]KHF2# est# utilisé# en# milieu# acide# dans# un# mélange# H2O/MeOH.# Le# rendement# est#
amélioré#en#travaillant#en#milieu#anhydre,#et#en#préEtraitant#le#BODIPY#avec#une#solution#
de#TMSOTf#avant#de#réaliser#la#radiofluoration#en#présence#de#[18F]TBAF#(Schéma#11).#






































! En# 2012,# le# groupe# de# Weissleder# et# Mazitschek# réalise# pour# la# première# fois# le#
greffage# d'un# BODIPY# BE[18F]# sur# une# biomolécule.162# La# radiofluoration# est# réalisée#
"oneEpot"#:#un#intermédiaire#de#type#BEOTf#est#généré#avant#l'ajout#de#18F/TBAB#(tétraE
nEbutylammonium# bromide).# La# bioconjugaison# est# réalisée# en# dernière# étape# sur# le#
trastuzumab,# un# anticorps# ciblant# les# récepteurs# HER2# surexprimés# dans# les# cellules#
tumorales#de#nombreux# types#de#cancers,#notamment#du#cancer#du#sein# (Schéma#12).#
On#peut#cependant#se#questionner#sur#les#applications#envisageables#pour#un#anticorps#
comme# le# trastuzumab# radiomarqué# au# fluor# 18.# En# effet,# le# temps# de# demiEvie# de#
110#min#du# fluor#18#est# très#court#pour#pouvoir# réaliser#à# la# fois# le# radiomarquage,# la#
bioconjugaison#puis#l'examen#d'imagerie#TEP.#Le#trastuzumab#est#un#anticorps#entier,#et#
son# accumulation# à# la# surface# des# cellules# cancéreuses# est# relativement# lente.163# Une#


































































! En# 2013,# les# groupes# de# Gabbaï# et# de# Conti# testent# plusieurs# conditions# de#











































































Notons# également# que# pour# les# deux# [18F]EBODIPY# bionconjugués# décrits#
précédemment,# la# radiofluoration# a# été# réalisée# en# avantEdernière# étape,# la# dernière#




potentiellement# radiomarquables# au# fluor# 18# après# l'étape# de# bioconjugaison.# Nous#
avons#réalisé#dans#un#premier# temps#des# tests#de# fluoration#"à# froid",#en#nous#plaçant#
dans#des#conditions#réactionnelles#similaires#à#celles#utilisées#en#radiofluoration#afin#de#
valider# notre# approche.# Nous# avons# choisi# d'utiliser# la# méthodologie# impliquant# des#
intermédiaires#de#type#BEDMAP#pour#plusieurs#raisons#:#
! Les# intermédiaires#de# type#BEDMAP#ne# sont#pas# sensibles#à# l'hydrolyse.# Ils#peuvent#
être#isolés#et#manipulés#facilement,#à#la#différence#des#intermédiaires#de#type#BEOTf#par#
exemple.#
! Le# dérivé# de# type# PhEBEOH# est# sensible# à# certaines# conditions# réactionnelles,#
notamment#en#milieu#acide.#Certaines#réactions#de#postEfonctionnalisation,#comme#par#
exemple# l'introduction#de# groupements# styryles,# ne#peuvent#donc#pas# être# envisagées#
avec# cette# approche.# Les# dérivés# BEDMAP# sont# également# sensibles# à# ce# type# de#
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! La# fluoration#d'un#dérivé#BEDMAP#peut# facilement# être# suivie#par#RMN#du#bore,# ou#












été# synthétisés,# et# leurs# propriétés# photophysiques# ont# été# étudiées.# Un# dérivé# de# la#
bombésine#a#été#greffé#par#plusieurs#synthons#BODIPY0DMAP,#puis#des#études#d’affinité#
vis0à0vis# des# récepteurs0cible# ont# été# réalisées.# Des# essais# de# fluoration# de# différents#
synthons# BODIPY0DMAP,# y# compris# après# greffage# sur# la# bombésine,# ont# permis#
d’apporter# une# preuve# de# concept.# Les# modifications# chimiques# réalisées# sur# # ces#
BODIPY,# permettant# un# décalage# de# leur# domaine# d’émission# et# d’absorption# dans# la#
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Synopsis. Different BODIPY-DMAP compounds could be synthesized, as precursors for 
PET-optical imaging. Biolabelling was performed on bombesin peptide, while preserving 
the DMAP leaving group on the boron atom and the affinity for bombesin receptors. 










Several new DMAP-BODIPY assemblies (DMAP = N,N-dimethylaminopyridine) 
were synthesized as precursors for bimodal imaging probes (Optical Imaging 
(OI)/Positron Emission Tomography (PET)). The photophysical properties of the new 
compounds were also studied. The first proof-of-concept was obtained with the 
preparation of several novel BODIPY-labelled bombesins and the evaluation of the 
affinity for bombesin receptors on a competition binding assay. Fluorination reactions 
were investigated on DMAP-BODIPY precursors as well as on DMAP-BODIPY labelled 
bombesins. Chemical modifications of the BODIPY core were also performed in order to 
obtain NIR luminescent dyes suitable for in vivo imaging, making these compounds 




Molecular imaging is a highly promising field of research and innovation with 
huge potential in a wide range of applications including prognostic, diagnostic, drug 
discovery and development of theranostics. It enables real-time visualization of 
biochemical events at the cellular and molecular levels within the cells, tissues and intact 
subjects.[1] In this area of research, nuclear imaging, namely positron emission 
tomography (PET), enables non-invasive diagnosis with high sensitivity by providing in 
vivo distribution of radiolabeled biovectors, thus facilitating detection of cancers. Among 
the radioelements available for PET imaging, 18F has become the radionuclide of choice, 
in a similar way to 99mTc in gamma scintigraphy.[2] This interesting trait is due to its 
optimal nuclear and chemical properties, i.e. low energy, high abundance, and relatively 
long lifetime (109.7 min) when compared to 11C.[3] 
Fluorescence imaging is a valuable technique for small animal imaging. The 
optical agents also provide the opportunity to perform histological studies based on 
fluorescent signal to evidence molecular targeting. Clinical applications are unfortunately 
more limited ought to their poor penetrability in the tissues. Nevertheless, recent advances 
in fluorescence imaging instrumentation and probe developments promise new 
opportunities, highlighting the emerging performances of this technique, especially for 
fluorescence guided-surgery with targeted molecular imaging.[4] 
Together, PET and fluorescence imaging have complementary features, e.g. the 
high penetrability of nuclear modality and the high spatial and temporal resolution of 
fluorescence. These are some of the reasons why using dual-modality PET/Optical 
imaging could strongly be beneficial for preclinical and clinical applications.[5] In this 
context, the preparation of MOMIA (MonoMolecular Imaging Agents), which combine a 
fluorescent probe and a radioisotope into a single moiety, showed marked advantages 
compared to the conventional approach (i.e. sequential coupling of a chelator and a NIR 
fluorophore).[6] Noteworthy, the modification of biomolecules on one single attachment 
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point simplifies the dual labelling process and minimizes the loss of affinity for the 
targeted receptors.[7] 
Among the fluorescent dyes, BODIPY derivatives are highly suitable candidates 
for the design of bimodal agents as they generally provide high fluorescence quantum 
yields,[8] high thermal and photochemical stability, and a high degree of tuneable emission 
into the NIR region from a simple variation of the molecular structure.[8b, 9] Moreover, the 
BODIPY core bares two fluorine atoms onto its boron centre (BF2 unit), ideal site for 
radiofluorination, considering the strength of the B- :GF<C$]EGD-1), which is one 
the most thermodynamically stable covalent bonds known.[10] 
The high potential of 18F-BODIPY dyes has recently been investigated and 
different methods have been developed for 18F fluorination of BODIPY.[11] Indeed, rapid 
nucleophilic [18F] radiolabeling of BODIPY dyes using a B-OH BODIPY precursor was 
previously reported by Gabbaï and Conti.[12] B-OH BODIPY was pretreated with 
trimethylsilyl trifluoromethanesulfonate (TMSOTf) as an activating/water removing 
agent, followed by radiofluorination.[13] This convenient approach was also exploited by 
Weissleder and Mazitschek who employed a BF2-BODIPY dye as starting material.[14], 
They also performed radiofluorination of DMAP(N,N-dimethylaminopyridine)-BODIPY 
precursors.[15]  More recently, Lewis acids such as SnCl4 were also used to promote the 18F 
labelling via a 19F-18F exchange reaction.[11,16] Additionally, in vivo stability of the B-18F 
bond was investigated. No release of free 18F- was detected, proving the metabolic 
stability of the BF2 core.[13-14] 
Our research group has explored the possibility to expand the library of potential 
bimodal imaging probes based on [18F]-BODIPY derivatives using our long-standing 
experience in the field of BODIPY synthesis, including NIR emitting systems.[17] 
Moreover in our previous reports, we investigated the synthesis and the performances of 
BODIPY-chelators systems for bimodal SPECT/Optical imaging.[18] In these systems, the 
radiolabeling is performed after bioconjugation, in the last synthetic step. We were thus 
very interested in the possibility of using a similar strategy, i.e. the introduction of 18F 
atoms during the final step.[19] This approach has never been explored with [18F]-BODIPY 
derivatives before. More particularly, we focused on a leaving group, which i) could be 
stable under the bioconjugation coupling conditions, ii) could allow 18F labelling without 
using any additional reagent, such as a Lewis acid, considering the fragility of 
biomolecules, notably proteins. In order to fulfil these conditions, we used Weissleder’s 
procedure, which replaces a DMAP group by 18F on BODIPY without any other reagent 
(Figure 1).[14] 
#




Figure 1 : Synthesis of [18F]-BODIPY through DMAP-activated BODIPY. 
#
#
We report the synthesis and characterization of various DMAP-BODIPY precursors 
bearing activated functional groups for bioconjugation along with their photophysical 
properties. The chemical stability of the DMAP moiety is described. These DMAP-
BODIPY assemblies have been attached to the bombesin peptide and in vitro tests 
towards the bombesin receptors are presented. Finally, NIR BODIPY compounds have 
been prepared in order to shift both the absorption and emission bands towards the near IR 
region for in vivo imaging. 
 
Results and Discussion 
 
The bifunctional target agent 6 was first prepared. This molecule bears a DMAP 
ligand on the boron atom as a leaving group, which was previously validated as an 
adequate strategy for the incorporation of 18F.[15] The compound is further activated using 
an isothiocyanate functional group for its conjugation with amines. Target 6 was obtained 
in four steps starting from the known precursor 1.[20] A nitrophenyl function was 
introduced by peptidic coupling between 1 and 2-(4-nitrophenyl)ethanamine in order to 
obtain 2 in 76% yield. The nitro group was reduced into amine function to yield 4 in 
almost quantitative yield.[17b] The next step consisted in the introduction of DMAP by first 
replacing one of the fluorine atoms by the leaving group TMSOTf and then adding 
DMAP in situ. Finally, the activation of the amine into an isothiocyanate was performed 
thus giving access to the desired compound 6. Noteworthy, the introduction of the DMAP 
(i.e. formation of 3) followed by the reduction of nitro into amine, as an alternative 
synthetic approach, was not successful because of the undesired elimination of the DMAP 









DMF, 100°C, 10 min
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Scheme 1 : Synthesis of compound 6. 
 
 
The feasibility of a subsequent radiofluorination on the DMAP prosthetic 
compound was successfully verified by reaction of 3 with KF in the presence of the 
commonly used kryptofix® 222.[21] Compound 2 could then be obtained from 3 in 10 min, 
in 50% yield. The fluorination product can easily be monitored and characterized by mass 
spectrometry and 11B NMR spectroscopy. The 11B NMR spectrum of the DMAP-
BODIPY product exhibits the expected doublet while the BF2-BODIPY compound 
exhibits the typical triplet characteristic of the 11B-19F couplings (I = ½). A typical 
example is shown in Figure 2. 
#
#










































































































The bioconjugation step feasibility was evaluated by reacting the activated DMAP-
BODIPY 6 with 0.7 equivalent of propylamine (Scheme 2). However, the purification 
step was very complicated and resulted in some degradation of the desired compound, 
which may be a problem for the bioconjugation. Bearing in mind the aim for the design of 
systems allowing for the introduction of 18F after the bioconjugation step, the substitution 
of the amine by another activated function was investigated. 
#
#
Scheme 2: Coupling test of 6 with propylamine. 
 
 
The click chemistry provides a number of avenues for the design of complex 
structures and multi component functionalized systems.[22] In particular, copper-catalyzed 
azide-alkyne cycloaddition has already become a powerful technique in peptide science 
due to its simplicity and bioorthogonality. It has been utilized in the cyclization of 
peptides, ligation of two or more peptide fragments and conjugation to biomolecules, 
nanoparticles, polymers and other chemical entities.[23] The impact of the click chemistry 
on conjugation methods, especially bioconjugation, has been extensive in recent years. 
This approach is very appealing because it allows one to selectively attach a bimodal 
agent to a modified bombesin peptide while avoiding the lysine functions on the 
biomolecule. Compound 9 was synthesized in two steps, starting from 1: first the 
introduction of a triple bond on the BODIPY using a peptidic coupling with prop-2-yne-1-





























Scheme 3: Synthesis pathway of 9. 
 
 
Single crystals suitable for X-ray diffraction analysis of 8 were obtained from a 
mixture of DCM/hexane (Figure 3). The boron atom exhibits the typical tetrahedral 
geometry and the boron-dipyrromethene is nearly perpendicular to the phenyl group at the 
meso-position exhibiting a dihedral angle of 79.269(45)°. This angle and the crystal 
packing are imposed by hydrogen bonding between N1-H1…O1 = 2.868(2) Å/169(2)° 




Figure 3: ORTEP[24] view of 8. The thermal ellipsoids are drawn at the 50% probability 
level. Selected bond lengths (Å) and angles (°): B1-F1 = 1.391(2), B1-F2 = 1.383(2), B1-
N2 = 1.549(3), B1-N3 = 1.551(3), F1-B1-N2 = 109.58(16), F1-B1-N3 = 109.87(16), F2-
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Some click reaction tests were performed using 9. The coupling reaction was 
successful when the click conditions precluded any amine, such as diisopropylethylamine, 
as base. Compound 10 was then obtained by reacting 9 with one equivalent of 
azidomethylbenzene using CuSO4 as catalyst and sodium ascorbate (Scheme 4). 
Noteworthy, the DMAP group desirably remained anchored on the BODIPY in these 
conditions. Substitution of the DMAP with one equivalent of F- and in the presence of 
kryptofix® [222] could then be performed on 10, yielding 11 in 42% yield. 
 
#
Scheme 4: Synthesis and fluorination of compound 10. 
 
A click reaction was also performed on a bombesin derivative, N3-AEEAc-
bombesin(7-14) (N3-BBN). Bombesin is a 14-mer peptide that binds to three G-protein 
coupled receptors (GRP-R, NMB-R and BRS-3) overexpressed in a wide variety of 
tumour tissues. Bombesin and its analogues have been extensively studied as targeting 
agents for the detection of cancer in pre-clinical and clinical studies using numerous 
imaging modalities.[25] Here, the widely used 8-mer peptide bombesin(7-14) was chosen 
as model, which contains the minimal sequence required for high affinity binding to its 
receptors. The peptide was acylated on its N-terminal with a N-(2-(2-(2-
azidoethoxy)ethoxy))acetyl chain in order to introduce the azide function and to provide 
flexibility and water solubility to the conjugate. The coupling reaction was monitored by 


































Scheme  5: Click reaction of 9 with bombesin. 
 
 
The fluorination reaction was then performed by reacting compound 12 with one 
equivalent of KF in dry acetronitrile (Scheme 6), yielding the desired product 13 in 35% 
yield after 10 min. This fluorination reaction was competitive with the hydrolysis of the 
B-DMAP bond, which yielded the side B-OH product 14. Traces of water were probably 
present in the KF salt. 
 
#
Scheme 6: Fluorination test on compound 12. 
 
 
Knowing that the B-OH function slowly reacts with F-, the conversion of the B-OH 
bond into B-F bond was attempted by increasing the amount of KF.[13] However, the 
increase in the quantity of KF from 1 to 10 equivalents did not increase the yield of the 
fluorination reaction. This result indicates that 14 does not react with KF during the 40 
min of the experiment. Conclusively, the fluorination must be performed in anhydrous 
conditions to optimize the yield of formation of BF2-BODIPY.[21] 
Figure 4 shows the absorption, fluorescence and excitation spectra of compounds 
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BODIPY signature, which consists of the S0−S1 feature placed near 520 nm, and the S0−S2 
one located near 380 nm. Both bands are readily assigned to spin-allowed π−π* 
transitions. The emission bands are observed at ~540 nm and exhibit a mirror-image 
relationship with the absorption, indicating that the structural perturbation in the excited 
state is minimal. This observation is corroborated by the fact that the excitation spectra 
superpose well the absorption ones. The absorption features located in the 200-300 nm 
range are due to the absorption of tryptophan side chain of the bombesin. Interestingly, 
the DMAP loss going from 12 to 13 is accompanied by the disappearance of its 
characteristic absorption band at 279 nm. 
#
#
Figure  4: Absorption, emission (λex = 470 nm) and excitation (λex = 590 nm) spectra of 12 
and 13 in 2-MeTHF. 
 
 
Biological testing. The affinity of the bioconjugate 13 for bombesin receptors (on rat 
cerebral cortex membranes) was evaluated on a radioactive binding assay using [125I]-
[Tyr4]bombesin(1-14) as ligand.[26] Under these assay conditions, 13 was able to compete 
with the binding of the radioligand with a Ki of 0.33 nM while the unlabelled peptide N3-
BBN exhibited a Ki of 0.36 nM (Figure 5). This result illustrates that, despite its size, 
conjugation of the BODIPY does not modify significantly the binding affinity of a small 




































































Figure 5. Displacement of radioligand [125I]-[Tyr4]bombesin(1-14) binding at rat cerebral 




Towards the red and NIR regions for in vivo imaging.  Dyes active in the near infrared 
region (NIR) are more adapted for in vivo applications, such as molecular imaging. 
Advantages include minimal interfering absorption and fluorescence from biological 
samples, reduced scattering and enhanced tissue penetration depth. One simple way to 
extend the π-conjugation and to shift the absorption and emission bands to the NIR region 
is to perform a Knoevenagel condensation on the methyl groups at the α-pyrrolic 
positions.[27] Indeed, the target distyryl compound 15 was prepared in 79% yield by 
reacting 8 with four equivalents of 4-methoxybenzaldehyde, in the presence of piperidine 
and PTSA (p-toluenesulfonic acid) (Scheme 7). The DMAP was then introduced onto 15 
and the resulting activated precursor 16 was subsequently attached to the bombesin 
peptide in 53% yield. 






















Scheme  7: Synthetic pathway of 17. 
 
 
The formation of the monostyryl derivative can also be interesting because of their 
high quantum yield of fluorescence.[28] Thus, the monofunctionalized compound 19 was 
synthesized by reacting 18 with 4-(prop-2-yn-1-yloxy)benzaldehyde (Scheme 8). The low 
reaction yield is explained by the difficulty to control the mono- versus di-condensation 
and problems with the purification. As previously shown for other derivatives, the DMAP 
























































Scheme  8: Synthesis pathway of 21. 
 
 
The 1H NMR spectrum of compound 20 is shown in Figure 6. Each substituent in 
the α- and β-pyrrolic positions displays one signal. The substituents located on the side of 
the styril group are the most deshielded. For instance, the two methyls in β-pyrrolic 
positions display two singlets at 1.34 and 1.36 ppm. The tetrahedral geometry of the boron 
atom induces that DMAP ligand is orthogonal to the indacene plane. Consequently, the 
two faces of the indacene are dissymmetric and the boron atom in BODIPY 20 is a chiral 
centre. Therefore, protons carried by the CH2 groups in β-pyrrolic positions are 
diastereotopic. Notably, protons 7 and 7' which are of the side of the styryl group displays 
each a quartet (3J = 7.3 Hz) at 2.43 and 2.45 ppm, split by a geminate coupling 1J of 
12.2 Hz. Additionally, as the methyl in β-pyrrolic position impedes the rotation of the 
aromatic ring at the meso-position, the four protons of the aromatic ring display four 
signals whereas they display two doublets for a symmetrical BF2-BODIPY. Each proton 
















































Figure 6: 1H NMR spectrum and assignments of 20 (CDCl3, 300 MHz, 298 K). 
 
Photophysical Studies. Table 1 summarizes the absorption and steady-state fluorescence 
data of the different BODIPY-containing compounds. Noteworthy, the photophysical data 
of 12, 13 and 21 were measured using DMSO/PBS 1:1 as a solvent mixture due to lack of 
solubility in PBS (phosphate buffered saline). The emission lifetimes, τF (3.9 < τF < 6.9 
ns), and the small Stokes shifts, Δν, confirm the presence of fluorescence. The 
fluorescence quantum yields, ΦF, vary from 35 to 87% and are considered large enough 
for imaging applications. 
Generally, the introduction of DMAP group onto the BODIPY chromophore induces a 
bathochromic shift of the absorption and emission maxima. Moreover, the Stokes shifts 
(Δν in cm-1 units; a linear scale of energy) of the DMAP-containing BODIPYs are larger 
than in their BF2 analogues. For instance, compounds 15 and 16 display fluorescence 
maxima respectively at 681 and 703 nm with Stokes shifts of 610 and 950 cm-1. The 
introduction of styryl substituents induces a bathochromic shift of the absorption and 
fluorescence bands respectively by ~60 and 130 nm for the mono- and distyryl-BODIPYs 
derivatives, and does not affect their fluorescence quantum yields. Finally, compounds 12, 
13 and 21 display high fluorescence quantum yields (0.35 < ΦF <0.40), which confirm 
that the introduction of bombesin on dyes 8, 9 and 20 does not affect the intense 
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Table 1: Photophysical properties of selected BODIPY derivatives. 
Dye λabs (nm) λem (nm) Δν (cm-1) ΦF τF (ns) solvent 
2 526 540 490 0.59a 3.9 2-MeTHF 
3 527 544 590 0.54 a 6.2 2-MeTHF 
6 528 544 560 0.37 a 5.6 2-MeTHF 
8 525 543 630 0.59 a 4.6 2-MeTHF 
9 528 543 520 0.64 a 6.9 2-MeTHF 
12 525 542 600 0.35 a - DMSO/PBS 1:1 
13 527 542 530 0.40 a - DMSO/PBS 1:1 
15 654 681 610 0.42 b 6.3 2-MeTHF 
16 659 703 950 0.51 b 4.7 2-MeTHF 
17 654 - - - - CH3CN 
19 587 603 450 0.76 c 5.4 2-MeTHF 
20 594 617 630 0.87 c 4.7 2-MeTHF 
21 592 615 630 0.51 c - DMSO/PBS 1:1 
Stokes shift, Δν, were calculated using the equation 1/λabs − 1/λex. The quantum yields, ΦF, were 
measured at 298 K, using rhodamine 6Ga (ΦF = 0.94 in methanol), rhodamine 101b (ΦF = 1.00 in 





Several new potential bimodal agents for PET-optical imaging have been 
synthesized and characterized. The photophysical study demonstrated that these 
BODIPY-containing systems exhibit high fluorescence quantum yields. Bioconjugation 
on the bombesin peptide and competitive binding essay on BF2-BODIPY-BBN were 
performed evidencing that the presence of the bimodal agent did not affect the affinity of 
the peptide for the receptors. Thus, the use of [18F]-BODIPY, instead of bulky multimodal 
chelation platform approach, could be a relevant alternative for the labelling of small 
biovector such as peptides. Additionally, the fluorination of the labelled biovectors was 
investigated, which showed the possibility of introducing 18F. Finally, several red and NIR 
analogues were synthesized, showing the high potential of these systems for future in vivo 






Materials. Unless otherwise noted, all chemicals and solvents were of analytical reagent 
grade and were used as received. Absolute dichloromethane (CH2Cl2) was obtained from 
Carlo Erba. Silica gel (Merck; 70-120 mm) was used for column chromatography. 
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Analytical thin-layer chromatography was performed with Merck 60 F254 silica gel 
(precoated sheets, 0.2 mm thick). Reactions were monitored by thin-layer 
chromatography, RP-HPLC, UV/Vis spectroscopy and MALDI/TOF mass spectrometry. 
 
Instrumentation. The 1H, 11B and 13C NMR spectra were recorded at room temperature 
on a Bruker Avance II 300 (300 MHz) or on a Bruker Avance DRX 600 (600 MHz) 
spectrometer at the “Welience, Pôle Chimie Moléculaire de l'Université de Bourgogne 
(WPCM)”. Chemical shifts (1H NMR spectra) are expressed in ppm relative to chloroform 
(7.26 ppm). The UV–visible spectra were recorded on a Varian Cary 1 spectrophotometer. 
The mass spectra and accurate mass measurements (HR-MS) were obtained on a Bruker 
Daltonics Ultraflex II spectrometer in the MALDI/TOF reflectron mode using dithranol as 
a matrix or on a LTQ Orbitrap XL (Thermo Scientific) instrument in ESI mode. Both 
measurements were registered at the “Welience, Pôle Chimie Moléculaire de l'Université 
de Bourgogne (WPCM)”. The steady-state fluorescence emission and excitation spectra 
were obtained on a Fluorolog SPEX 1680 0.22 m double monochromator spectrometer 
using quartz cuvettes (1 cm, 3 mL). All fluorescence spectra were corrected for apparatus 
response. The fluorescence lifetimes were measured in 2-MeTHF or DMSO/PBS 1:1 
using a Timemaster Model TM-3/2003 apparatus from PTI incorporating a nitrogen laser 
as the source and a high-resolution dye laser (fwhm = 1.4 ns). Fluorescence lifetimes were 
obtained from high-quality decays and deconvolution or distribution lifetime analysis. The 
uncertainties were 100 ps on the basis of multiple measurements, which is also the limit of 
accuracy of this system. 
 
X-ray crystallography. Single crystals of C27H30BF2N3O (8) were recrystallized from a 
mixture of DCM and hexane by slow evaporation. A suitable crystal was selected and 
mounted on a glass fibre with grease on a Nonius Kappa APEX2 diffractometer. Data 
integration and reduction were performed using DENZO.[30] The crystal was kept at 
115(2) K during data collection. Using Olex2,[31] the structure was solved with the ShelXS 
[32] structure solution program using Direct Methods and refined with the ShelXL[32] 
refinement package using Least Squares minimisation. CCDC 984188 contains the 
supplementary crystallographic data for this paper. These data can be obtained free of 
charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif 
Crystal Data for C27H30BF2N3O (M = 461.35): monoclinic, space group P21/c (no. 
14), a = 22.5475(5) Å, b = 12.4861(2) Å, c = 8.6671(2) Å, β = 90.9550(10)°, V = 
2439.71(9) Å3, Z = 4, T = 115.0 K, µ(Mo-Kα) = 0.087 mm-1, Dcalc = 1.256 g/mm3, 10013 
reflections measured (5.722 ≤ 2Θ ≤ 55.03), 5560 unique (Rint = 0.0249, Rsigma = 0.0309) 
which were used in all calculations. The final R1 was 0.0529 (I > 2σ(I)) and wR2 was 
0.1238 (all data). 
 
Binding assays. Compounds 13 and N3-BBN were tested by Cerep (Poitiers, France) on a 
radioactive binding assay. Briefly, rat cerebral cortex membr-ab-nes were incubated in the 
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presence of 0.01 nM [125I]-[Tyr4]bombesin ligand (KD = 0.71 nM) and a range of 
concentrations of tested compounds for 60 min at room temperature. Non-specific binding 
was determined in presence of an excess (1 µM) of cold bombesin(1-14). The results are 
expressed as a percent of control specific binding. The IC50 values (concentration causing 
a half-maximal inhibition of control specific binding) were determined by non-linear 
regression analysis of the competition curves generated with duplicate values using 
GraphPad Prism version 6.00 for Mac. The corresponding inhibition constants (Ki) were 
calculated using the Cheng-Prusoff equation.[33] Bombesin(1-14) was used as a reference 
compound (Ki = 0.17 nM). Further details of the methodology for the assay can be found 
at http://www.cerep.fr. 
 
Quantum Yield Measurements. Measurements were performed in distilled 2-MeTHF or 
in DMSO/PBS 1:1. Quartz cuvettes of 3 mL with path length of 1 cm equipped with a 
septum were used, and all solutions were Ar-degassed prior to measurements. Three 
different measurements (i.e., different solutions) were performed for each quantum yield. 
The sample concentrations were chosen to obtain an absorbance of about 0.05. The 
fluorescence quantum yield (ΦF) measurements were performed with the slit width of 0.5-
1.5 nm for both excitation and emission. Relative quantum efficiencies were obtained by 
comparing the areas under the corrected emission spectra of the sample relative to a 
known standard and the following equation was used to calculate ΦF: ΦF(sample) = 
ΦFKL9F<9J<]#K9EHD=#KL9F<9J<]KL9F<9J<K9EHD= ] η(sample)2/η(standard)2) 
where ΦF(standard) is the reported quantum yield of the standard, I is the integrated 
emission spectrum, A is the absorbance at the excitation wavelength and η is the refractive 
index of the solvents used. Rhodamine 6G (ΦF = 0.94 in methanol),[29a]  Cresyl Violet (ΦF 
= 0.54 in methanol),[29c] and Rhodamine 101 (ΦF = 1.00 in methanol)[34] were used as 
standards.[35]  In all ΦF determinations, correction for the solvent refractive index (η) was 
applied (2-MeTHF: η = 1.406, DMSO/PBS 1:1: η = 1.416 methanol: η = 1.328).[36] 
 
BODIPY-peptides purification and analysis. The crude products were purified by semi-
preparative RP-HPLC on a Dionex Ultimate 3000 system (Thermo Scientific) equipped 
with a Nucleodur C18ec column (Macherey-Nagel, 250 × 10 mm, 5 µm) with a gradient 
program (solvent A is water with 0.1% TFA and solvent B is acetonitrile with 0.1% TFA) 
at a flow rate of 2 mL/min with UV detection at 254, 530, 590 and 650 nm. Fractions 
were analysed by RP-HPLC on a Dionex Ultimate 3000 system, with a photodiode array 
detector, on a Chromolith HighResolution C18ec column (Merck, 50 × 4.6 mm), equipped 
with a guard column (5 × 4.6 mm), at a flow rate of 3 mL/min and the pure fractions were 
collected and lyophilized to yield the final compounds as highly purified (>95%) white, 
red, purple or blue solids. The purity of the compounds was determined by RP-HPLC at 
254 nm. The identity of the compounds was checked by low-resolution electrospray mass 
spectrometry (ESI-MS; Bruker) or by high-resolution electrospray mass spectrometry 
(HRMS; Orbitrap, Thermo Scientific). 
#
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N3-BBN.  The peptide (N-(2-(2-(2-azidoethoxy)ethoxy))acetyl-bombesin(7-14)) was 
obtained by manual solid-phase peptide synthesis (0.48 mmol scale) on a Rink Amide 
AM resin (Iris Biotech, 0.48 mmol/g). All amino acids, from Iris Biotech or 
Novabiochem, were N-α-terminal protected by Fmoc. 2-(2-(2-azidoethoxy)ethoxy))acetic 
was synthesized according to the litterature.[37] Briefly, the resin (1.0 g) was swelled in 
DMF for 30 min and Fmoc was removed by treating the resin twice with 20% piperidine, 
0.1 M HOBt in DMF (10 mL) for 10 min. After the second treatment, the resin was 
washed with DMF (3 × 10 mL) and DCM (3 × 10 mL). Coupling reactions were 
performed by adding to the resin a pre-made coupling cocktail of DIPEA (3 eq.), HBTU 
(3 eq.) and the required amino acid or 2-(2-(2-azidoethoxy)ethoxy))acetic acid (3 eq.) in 
DMF (10 mL). The suspension was left shaking for 1 h, drained and washed with DMF (3 
× 10 mL) and DCM (3 × 10 mL). The final peptide was cleaved from the resin (200 mg) 
with simultaneous removal of the side-chain protecting groups by treatment with 
TFA/TIS/DODT/water (94/2.5/2.5/1 v/v; 5 mL) at room temperature for 1.5 h. The filtrate 
from the cleavage mixture was concentrated, precipitated in cold Et2O and collected by 
centrifugation (twice), and lyophilized to afford crude peptide. The product was purified 
by semi-preparative RP-HPLC from 20% to 50% of B over 30 min to give N3-BBN as a 
white solid (TFA salt, m = 25 mg, yield = 36 %, purity > 97%, tR = 2.33 min). ESI-MS: 
m/z = 1111.6 [M+H]+, 1133.55 [M+Na]+. HRMS (ESI) 1111.54399, calculated for 
C49H75N16O12S+ 1111.54656. 
 
Compound 1. 2,4-Dimethylethylpyrrole (10.3 g, 83.9 mmol) and 4-carboxy-
benzaldehyde (6.30 g, 42.0 mmol) were dissolved in dichloromethane (2.60 mL). 
Trifluoroacetic acid (328 µL) was added and the mixture was stirred at room temperature 
for 48 h. A solution of DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) (9.53 g, 
42.0 mmol) in dichloromethane was added and the mixture was stirred for 50 min. 
Triethylamine (84.0 mL, 630 mmol) and BF3,Et2O (85.0 mL, 672 mmol) were added and 
the solution turned purple. After 2 h of stirring, the reaction mixture was washed with 
water, dried over magnesium sulfate and the solvent was evaporated. The residue was 
purified by silica gel column chromatography (AcOEt/hexane 90:10). Recrystallization in 
a mixture of dichloromethane and hexane gave 1 as a red solid (m = 8.40 g, yield = 47 %). 
1H NMR (300 MHz, CDCl3) δ 0.92 (t, 6H, 3J = 7.5 Hz), 1.21 (s, 6H), 2.24 (q, 3J = 7.5 Hz, 
4H), 2.47 (s, 6H), 7.39 (d, 3J = 8.4 Hz, 2H), 8.18 (d, 3J = 8.4 Hz, 2H). 
#
Compound 2. N-Hydroxybenzotriazole (640 mg, 4.70 mmol), diisopropylamine 
(1.15 mL, 7.10 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 
(900 mg, 4.70 mmol) and 4-nitrophenethylamine hydrochloride (0.49 g, 2.40 mmol) were 
added dropwise to a solution of 1 (1.00 g, 2.40 mmol) in 50 mL of dimethylformamide 
and the solution was stirred at room temperature. After total consumption of the starting 
material (2 h) monitored by TLC, the solvent was evaporated. The resulting solid was 
washed with water (2*100 mL) and extracted with dichloromethane. The organic layer 
was dried over magnesium sulfate and the solvent was evaporated to give a red oil. The 
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crude product was purified by column chromatography on silica gel (ethyl acetate/hexane 
60:40) followed by recrystallization in a mixture of dichloromethane and hexane to give 
pure 2 as a reddish solid (1.21 g, 76% yield). 1H NMR (300 MHz, CDCl3): δ 0.95 (t, 
3J = 7.5 Hz, 6H), 1.22 (s, 6H), 2.27 (q, 3J = 7.5 Hz, 4H), 2.51 (s, 6H), 3.10 (t, 3JA = 7.1 Hz, 
2H), 3.78 (td, 3JA = 7.1 Hz, 3JB = 6.0 Hz, 2H), 6.27 (t, 3JB = 6.0 Hz, 1H), 7.37 (d, 
3J = 8.3 Hz, 2H), 7.43 (d, 3J = 8.7 Hz, 2H), 7.83 (d, 3J = 8.3 Hz, 2H), 8.19 (d, 3J = 8.7 Hz, 
2H).  
 
Compound 3. 190 µL of trimethylsilyl trifluoromethanesulfonate (TMSOTf, 1.05 mmol) 
and 128 mg of dimethylaminopyridine (DMAP, 1.05 mmol) were added to a solution of 2 
(300 mg, 0.524 mmol) in dry toluene (15 mL), and the mixture was stirred for 30 min at 
80°C. The solvent was evaporated; the residue was washed with water (3*20 mL) and 
dried over magnesium sulfate. The solution was concentrated to dryness and the residue 
was purified by silica gel column chromatography (DCM/MeOH 97:3) to give 3 as a red 
solid (m = 397 mg, yield = 92 %). 1H NMR (300 MHz, CDCl3) δ 0,91 (t, 3J = 7.5 Hz, 6H), 
1.30 (s, 6H), 2.13 (s, 6H), 2.20 (q, 3J = 7.5 Hz, 4H), 3.13 (t, 3JA = 7.5 Hz, 2H), 3.21 (s, 
6H), 3.78 (td, 3JA = 7.5 Hz, 3JB = 5.9 Hz, 2H), 6.86 (d, 3J = 7.7 Hz, 2H), 7.34 (dd, 
3JC = 8.0 Hz, 4JD = 1.8 Hz, 1H), 7.47 (d, 3J = 8.7 Hz, 2H), 7.55 (dd, 3JC = 8.0 Hz, 
4JD = 1.8 Hz, 1H), 7.71 (t, 3JB = 5.9 Hz, 1H), 7.98 (d, 3J = 7.7 Hz, 2H), 8.11 (dd, 
3JC = 8.0 Hz, 4JD = 1.8 Hz, 1H), 8.12 (d, 3J = 8.7 Hz, 2H), 8.13 (dd, 3JC = 8.0 Hz, 
4JD = 1.8 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3) δ 12.2 (*2), 12.5 (*2), 14.0 (*2), 17.0 
(*2), 29.7 (*2), 35.6, 40.1, 107.6-123.7-128.0-128.3-128.5-128.9-129.9-130.9-134.8-
135.4-137.1-141.0-141.7-142.0-146.7-147.5-154.0-156.2 (*28), 166.7. 11B NMR 
(192.5 MHz, CDCl3) δ 1.08 (d, 1J = 37.4 Hz). ESI-MS: m/z = 553.3 [M-C7H10N2-OTf]+, 
675.3 [M-OTf]+. HRMS (ESI) 675.36018, calculated for C39H45BF1N6O3+ 675.36315. 
UV-Vis (THF) λ nm (ε x 10-3 L mol-1 cm-1): 527 (62), 498 (21), 377 (8), 285 (33), 242 
(35). 
 
Fluorination of compound 3: 23.0 mg of 13,16,21,24-hexaoxa-1,10-diazabicyclo-
(8,8,8)-hexacosane (61.0 µmol), and 4.00 mg of potassium fluoride (69.0 µmol) were 
added to a solution of 50 mg of 3 (61 µmol) in 2.5 mL of acetonitrile. The solution was 
heated to 70°C and the reaction was monitored by TLC. After 10 min, the solvent was 
removed under reduced pressure. 5 mL of water was added and the mixture was extracted 
with 3*5 mL of dichloromethane. The organic layer was dried over magnesium sulfate 
and the solvent was evaporated. The residue was purified by silica gel column 
chromatography (dichloromethane/hexane 70:30) followed by recrystallization in a 
mixture of dichloromethane and hexane to give pure 2 as a red solid (m = 17.0 mg, yield = 
50 %). 
 
Compound 4. Compound 2 (300 mg, 524 µmol) was placed in 45 mL of a mixture of 
dichloromethane and ethanol (1:1), and 5.00 mg of 10 % Pd/C (24.0 µmol) was added 
under H2. After total consumption of the starting material (1 h) followed by TLC, the 
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suspension was eliminated by filtration on Clarcel and the solvent was evaporated. The 
crude product was recrystallized in a mixture of dichloromethane and hexane to give 4 as 
a red solid (m = 277 mg, yield = 97 %). 1H NMR (300 MHz, CDCl3): δ 0.94 (t, 
3J = 7.5 Hz, 6H), 1.21 (s, 6H), 2.26 (q, 3J = 7.5 Hz, 4H), 2.50 (s, 6H), 2.83 (t, 3JA = 7.1 Hz, 
2H), 3.69 (td, 3JA = 7.1 Hz, 3JB = 6.0 Hz, 2H), 6.36 (t, 3JB = 6.0 Hz, 1H), 6.65 (d, 
3J = 8.3 Hz, 2H), 7.02 (d, 3J = 8.3 Hz, 2H), 7.31 (d, 3J = 8.2 Hz, 2H), 7.81 (d, 3J = 8.2 Hz, 
2H). 13C{1H} NMR (75 MHz, CDCl3): δ 12.1 (*2), 12.8 (*2), 14.8 (*2), 17.3 (*2), 35.0, 
41.7, 115.7 (*2), 127.8 (*2), 128.7 (*2), 129.0 (*2), 129.9, 130.6, 133.3, 135.2 (*2), 138.4 
(*2), 139.0 , 139.4 (*2), 145.2 , 154.4 (*2), 166.8. 11B NMR (192.5 MHz, CDCl3): δ 0.79 
(t, 1J = 33.4 Hz). ESI-MS: m/z = 523.3 [M-F]+, 545.3 [M-H-F+Na]+, 565.3 [M+Na]+. 
HRMS (ESI) 565.28996, calculated for C32H37BF2N4ONa+ 565.29263. 
 
Compound 5. 75.0 µL of trimethylsilyl trifluoromethanesulfonate (TMSOTf, 412 µmol) 
and 128 mg of dimethylaminopyridine (DMAP, 412 µmol) were added to a solution of 4 
(112 mg, 206 µmol) in dry toluene (7 mL), and the mixture was stirred for 30 min at 
80°C. The solvent was evaporated, the residue was washed with water (3*20 mL) and 
dried over magnesium sulfate. The solution was concentrated to dryness and the residue 
was purified by silica gel column chromatography (DCM/MeOH 99:1) to give 5 as a red 
solid (m = 105 mg, yield = 64 %). 1H NMR (300 MHz, CDCl3) δ 0.91 (t, 3J = 7.5 Hz, 6H), 
1.31 (s, 6H), 2.13 (s, 6H), 2.20 (q, 3J = 7.5 Hz, 4H), 3.13 (t, 3JA = 7.0 Hz, 2H), 3.21 (s, 
6H), 3.68 (td, 3JA = 7.0 Hz, 3JB = 5.7 Hz, 2H), 6.52 (t, 3JB = 5.7 Hz, 1H), 6.68 (d, 
3J = 8.3 Hz, 2H), 6.93 (d, 3J = 7.6 Hz, 2H), 7.05 (d, 3J = 8.3 Hz, 2H), 7.34 (dd, 
3JC = 8.0 Hz, 4JD = 1.7 Hz, 1H), 7.68 (dd, 3JC = 8.0 Hz, 4JD = 1.7 Hz, 1H), 7.84 (dd, 
3JC = 8.0 Hz, 4JD = 1.7 Hz, 1H), 8.00 (d, 3J = 7.6 Hz, 2H), 8.01 (dd, 3JC = 8.0 Hz, 
4JD = 1.7 Hz, 1H). 11B NMR (192.5 MHz, CDCl3) δ 1.04 (d, 1J = 41.9 Hz). ESI-MS: m/z = 
523.3 [M-C7H10N2-OTf]+, 645.4 [M-OTf]+. HRMS (ESI) 645.38897, calculated for 
C39H47BFN6O+ 645.38897. 
 
Compound 6. Compound 5 (105 mg, 163 µmol) was placed in a solution of 15 mL of 
chloroform and 46 µL of triethylamine and 37 µL of thiophosgene were added under 
nitrogen. The mixture was stirred 1 h at room temperature and the solvent was evaporated. 
The resulting solid was purified by column chromatography on silica gel 
(dichloromethane/methanol 96:4) followed by a recrystallization in a mixture of 
dichloromethane and hexane to give pure 6 (m = 63.0 mg, yield = 39 %). 1H NMR 
(300 MHz, CDCl3) δ 0.91 (t, 3J = 7.5 Hz, 6H), 1.32 (s, 6H), 2.13 (s, 6H), 2.21 (q, 
3J = 7.5 Hz, 4H), 3.00 (t, 3JA = 7.4 Hz, 2H), 3.22 (s, 6H), 3.72 (td, 3JA = 7.4 Hz, 
3JB = 5.7 Hz, 2H), 6.90 (d, 3J = 7.7 Hz, 2H), 7.03 (t, 3JB = 5.7 Hz, 1H), 7.16 (d, 
3J = 8.4 Hz, 2H), 7.28 (d, 3J = 8.4 Hz, 2H), 7.35 (dd, 3JC = 8.1 Hz, 4JD = 1.7 Hz, 1H), 7.68 
(dd, 3JC = 8.1 Hz, 4JD = 1.7 Hz, 1H), 8.01 (dd, 3JC = 8.1 Hz, 4JD = 1.7 Hz, 1H), 8.03 (d, 
3J = 7.7 Hz, 2H), 8.06 (dd, 3JC = 8.1 Hz, 4JD = 1.7 Hz, 1H). 11B NMR (192.5 MHz, 
CDCl3) δ 1.07 (d, 1J = 37.3 Hz). ESI-MS: m/z = 565.35 [M-C7H10N2-OTf]+, 687.36 [M-
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OTf]+. HRMS (ESI) 687.34293, calculated for C40H45BFN6OS+ 687.34541. UV-Vis 
(THF) λ nm (ε x 10-3 L mol-1 cm-1): 528 (65), 498 (22), 380 (9), 285 (41), 274 (35), 243 
(36), 224 (47). 
 
Compound 7. 10.0 mg of compound 6 (11.0 µmol) was dissolved in 600 µL of DMF and 
0.70 µL of propylamine (9.00 µmol) was added. The mixture was stirred during one hour 
at room temperature and solvent was removed under reduced pressure. The resulting solid 
was purified by column chromatography on silica gel (dichloromethane/methanol 97:3) 
followed by a recrystallization in a mixture of dichloromethane and hexane to give pure 7 
(m = 2.00 mg, yield = 24 %). 1H NMR (300 MHz, CDCl3) δ 0.91 (t, 3JA = 7.4 Hz, 3H), 
0.91 (t, 3J = 7.5 Hz, 6H), 1.31 (s, 6H), 1.65 (qt, 3JA = 7.4 Hz, 3JB = 7.3 Hz, 2H), 2.15 (s, 
6H), 2.22 (q, 3J = 7.5 Hz, 4H), 2.96 (t, 3JC = 6.8 Hz, 2H), 3.21 (s, 6H), 3.57 (t, 
3JB = 7.3 Hz, 2H), 3.72 (td, 3JC = 6.8 Hz, 3JD = 5.7 Hz, 2H), 6.84 (d, 3J = 7.3 Hz, 2H), 7.03 
(t, 3JD = 5.7 Hz, 1H), 7.22 (d, 3J = 8.2 Hz, 2H), 7.34 (dd, 3JE = 8.1 Hz, 4JF = 1.4 Hz, 1H), 
7.39 (d, 3J = 8.2 Hz, 2H), 7.47 (dd, 3JE = 8.1 Hz, 4JF = 1.4 Hz, 1H), 7.78 (dd, 3JE = 8.1 Hz, 
4JF = 1.4 Hz, 1H), 7.96 (d, 3J = 7.3 Hz, 2H), 8.09 (dd, 3JE = 8.1 Hz, 4JF = 1.4 Hz, 1H). 11B 
NMR (192.5 MHz, CDCl3): δ 1.12 (d, 1J = 36.2 Hz). ESI-MS: m/z = 624.14 [M-C7H10N2-
OTf]+, 746.22 [M-OTf]+. 
 
Compound 8. N-Hydroxybenzotriazole (959 mg, 7.10 mmol), diisopropylamine (995 µL, 
7.10 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (1.35 g, 
7.10 mmol) and propargylamine (227 µL, 3.50 mmol) were successively added to a 
solution of compound 1 (1.53 g, 3.50 mmol) in 100 mL of dimethylformamide and the 
solution was stirred at room temperature. After total consumption of starting 
material (2 h) monitored by TLC, the solvent was evaporated. The resulting solid was 
washed with water (3x100 mL) and extracted with dichloromethane. The organic layer 
was dried over magnesium sulfate and the solvent was evaporated to give a red oil. The 
crude product was purified by column chromatography on silica gel 
(dichloromethane/heptane 60:40) followed by a recrystallization in a mixture of 
dichloromethane and hexane to give 8 as reddish solid in 72% yield (1.15 g, 2.49 mmol). 
1H NMR (300 MHz, CDCl3) δ (ppm): 0.96 (t, 3J = 7.5 Hz, 6H), 1.22 (s, 6H), 2.29 (q, 
3J = 7.5 Hz, 4H), 2.30 (t, 4J = 2.5 Hz, 1H), 2.51 (s, 6H), 3.78 (dd, 4J = 2.5 Hz, 3J = 5.2 Hz, 
2H), 6.27 (t, 3J = 5.2 Hz, 1H), 7.38 (d, 3J = 8.4 Hz, 2H), 7.91 (d, 3J = 8.4 Hz, 2H). 
13C{1H}  NMR (75 MHz, CDCl3) δ (ppm): 11.9, 12.5, 14.6, 17.1, 30.9, 72.1, 79.3, 127.8, 
128.9, 130.4, 133.1, 134.0, 138.1, 138.5, 139.7, 154.3, 166.2. 11B NMR (192.5 MHz, 
CDCl3) δ (ppm): 0.78 (t, 1J = 33.4 Hz). UV-visible (THF) λmax (nm) (ε x 10-3 L mol-1 cm-
1): 238 (39), 494 (27), 525 (90). MS (ESI) m/z = 460.39 [M+H]+, 484.34 [M+Na]+. HRMS 
(ESI) 484.23559 calcd for C27H30BF2N3ONa 484.23470. 
 
Compound 9. 86.0 µL of trimethylsilyl trifluoromethanesulfonate (TMSOTf, 480 µmol) 
and 58.0 mg of dimethylaminopyridine (DMAP, 480 µmol) were added to a solution of 8 
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(110 mg, 238 µmol) in dry toluene (10 mL), and the mixture was stirred for 30 min at 
80°C. The solvent was evaporated, the residue was washed with water (3*20 mL) and 
dried over magnesium sulfate. The solution was concentrated to dryness and the residue 
was purified by silica gel column chromatography (DCM/MeOH 99:1) to give 9 as a red 
solid (m = 118 mg, yield = 69 %). 1H NMR (300 MHz, CDCl3): δ 0.89 (t, 3J = 7.5 Hz, 
6H), 1.30 (s, 6H), 2.20 (s, 6H), 2.12 (q, 3J = 7.5 Hz, 4H), 2.22 (t, 4JA = 2.5 Hz, 1H), 3.21 
(s, 6H), 4.25 (dd, 4JA = 2.5 Hz, 3JB = 5.4 Hz, 2H), 6.89 (d, 3J = 7.6 Hz, 2H), 7.36 (dd, 
3JC = 8.5 Hz, 4JD = 1.8 Hz, 1H), 7.48 (t, 3JB = 5.4 Hz, 1H), 7.61 (dd, 3JC = 8.5 Hz, 
4JD = 1.8 Hz, 1H), 7.98 (d, 3J = 7.6 Hz, 2H), 8.11 (dd, 3JC = 8.5 Hz, 4JD = 1.8 Hz, 1H), 
8.12 (dd, 3JC = 8.5 Hz, 4JD = 1.8 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3): 12.4 (*2), 
12.8 (*2), 14.5 (*2), 17.1 (*2), 29.9, 40.2 (*2), 71.4, 80.0, 107.8-119.8-122.3-128.4-
128.7-128.8-129.0-131.0-134.9-137.8-140.8-141.9-154.4-156.8 (*14), 166.5. 11B NMR 
(192.5 MHz, CDCl3): δ 1.07 (d, 1J = 36.1 Hz). ESI-MS: m/z = 442.4 [M-C7H10N2-
OTf]+, 564.4 [M-OTf]+. HRMS (ESI) 564.32907, calculated for C34H40BFN5O+ 
564.33104. UV-Vis (THF) λ nm (ε, M-1cm-1): 528 (68), 498 (23), 381 (8), 287 (26), 244 
(33). 
#
Compound 10. Benzyl azide (11.0 µL, 84.0 µmol) and compound 8 (60.0 mg, 84.0 µmol) 
were solubilized in 1.5 mL of DMF. CuSO4.5H2O (21.0 mg, 84.0 µmol) and sodium 
ascorbate (33.0 mg, 117 µmol) were added. The mixture was stirred under nitrogen at 
room temperature for 1 h and the solvent was evaporated under reduced pressure. The 
crude mixture was dissolved in dichloromethane and filtered on celite. The organic layer 
was washed with water (3 x 20 mL), dried over magnesium sulfate and the solvent was 
removed under reduced pressure. The residue was purified by silica gel column 
chromatography (dichloromethane/MeOH 99 : 1) followed by recrystallization in a 
mixture of dichloromethane and hexane to give 15 as a red solid (m = 36.0 mg, 
yield = 51 %). 1H NMR (300 MHz, CDCl3) δ 0.91 (t, 6H, 3J = 7.5 Hz), 1.30 (s, 6H), 2.12 
(s, 6H), 2.21 (q, 3J = 7.5 Hz, 4H), 3.22 (s, 6H), 4.74 (d, 3J = 5.2 Hz, 2H), 5.51 (s, 2H), 
6.92 (d, 3J = 7.5 Hz, 2H), 7.29 (d, 3J = 7.2 Hz, 1H), 7.32 (m, 5H), 7.34 (t, 3J = 5.2 Hz, 
1H), 7.62 (s, 1H), 7.68 (d, 3J = 7.2 Hz, 1H), 8.00 (d, 3J = 7.5 Hz, 2H), 8.01 (d, 3J = 7.2 Hz, 
1H), 8.03 (d, 3J = 7.2 Hz, 1H). 11B NMR (192.5 MHz, CDCl3): δ 1.05 (d, 1J = 39.5 Hz). 
ESI-MS: m/z = 575.14 [M-C7H10N2-OTf]+, 697.22 [M-OTf]+. HRMS (ESI) 697.39581, 
calculated for C41H47ON8BF+ 697.39515. 
 
Compound 11. 8.90 mg of 13,16,21,24-hexaoxa-1,10-diazabicyclo-(8,8,8)-hexacosane 
(23.6 µmol), and 1.40 mg of potassium fluoride (23.6 µmol) were added to a solution of 
20.0 mg of 10 (23.6 µmol) in 1.5 mL of acetonitrile. The solution was heated at 70°C, and 
the reaction was monitored by TLC. After 15 min, the solvent was removed under 
reduced pressure. 3 mL of water was added and the mixture was extracted with 3*3 mL of 
dichloromethane. The organic layer was dried over magnesium sulfate and the solvent 
was evaporated. The residue was purified by silica gel column chromatography 
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(dichloromethane/hexane 80 : 20) followed by recrystallization in a mixture of 
dichloromethane and hexane to give pure 11 as a red solid (m = 6.00 mg, yield = 42 %). 
1H NMR (300 MHz, CDCl3) δ 0.95 (t, 6H, 3J = 7.5 Hz), 1.21 (s, 6H), 2.27 (q, 3J = 7.5 Hz, 
4H), 2.51 (s, 6H), 4.70 (d, 3J = 5.4 Hz, 2H), 5.50 (s, 2H), 7.20 (t, 3J = 5.4 Hz, 1H), 7.27 (d, 
3J = 8.3 Hz, 2H), 7.34 (m, 5H), 7.56 (s, 1H), 7.91 (d, 3J = 8.3 Hz, 2H). 13C{1H}  NMR 
(75 MHz, CDCl3) δ (ppm): 11.9, 12.5, 14.6, 17.0, 35.5, 54.3, 77.2, 122.3, 127.8, 128.2, 
128.8, 128.9, 129.2, 130.4, 133.0, 134.4, 138.1, 138.7, 139.5, 144.7, 144.8, 154.2, 166.7. 
11B NMR (192.5 MHz, CDCl3): δ 0.77 (t, 1J = 67.0 Hz). ESI-MS: m/z = 595.12 [M+H]+, 
617.08 [M+Na]+. HRMS (ESI) 617.29663, calculated for C34H37BF2N6ONa+ 617.29881. 
 
Compound 12. 20.6 µL of a 100 mM solution of N3-BBN (DMF, 2.10 µmol), 20.6 µL of 
a 100 mM solution of compound 8 (DMF, 2.10 µmol), 11.3 µL of a 200 mM solution of 
CuSO4.5H2O (DMF, 2.30 µmol) and 1.23 mg of sodium ascorbate (6.20 µmol) were 
mixed together. The mixture was stirred at room temperature for 1 h and reaction was 
monitored by HPLC. Crude product was purified by HPLC from 30 % to 60 % of B over 
30 min to give 12 as a red solid (m = 1.21 mg, yield = 31 %, purity = 98.6 %, 
tR = 2.89 min). ESI-MS: m/z 1552.77 [M-C7H10N2-OTf-TFA]+, 1674.78 [M-OTf-TFA]+. 
HRMS (ESI) 1674.86882, calculated for C83H114BFN21O13S+ 1674.87102. 
 
Fluorination of compound 12.  5.60 µL of a 0.03 M solution of 12 (CH3CN, 0.17 µmol), 
5.60 µL of a 0.03 M solution of 13,16,21,24-hexaoxa-1,10-diazabicyclo-(8,8,8)-
hexacosane (CH3CN, 0.17 µmol), and 0.01 mg of potassium fluoride (0.17 µmol) were 
mixed together. The solution was heated at 70°C during 40 min and monitored by HPLC. 
The formation of compound 13 was characterized by ESI-MS and HPLC (Conversion = 
38 % after 10 min of reaction).  
 
Compound 13. 14.0 µL of a 100 mM solution of N3-BBN (DMF, 1.40 µmol), 14.0 µL of 
a 100 mM solution of compound 8 (DMF, 1.40 µmol), 7.7 µL of a 200 mM solution of 
CuSO4.5H2O (DMF, 1.54 µmol) and 0.83 mg of sodium ascorbate (4.19 µmol) were 
mixed together. The mixture was stirred at room temperature for 1 h and reaction was 
monitored by HPLC. The crude product was purified by HPLC from 30 % to 60 % of B 
over 30 min to give 13 as a red solid (m = 955 mg, yield = 41 %, purity = 98.4 %, 
tR = 3.23 min). ESI-MS: m/z 1572.80 [M-TFA+H]+, 1594.77 [M-TFA+Na]+. HRMS (ESI) 
1572.9795, calculated for C76H105BF2N19O13S+ 1572.79211; 1594.77718, calculated for 
C76H104BF2N19O13SNa+ 1594.77471. 
 
Compound 15. Compound 8 (500 mg, 1.08 mmol) and p-anisaldehyde (316 µL, 2.59 
mmol) were dissolved in a mixture of dry toluene (40 mL), p-toluenesulfonic acid (PTSA, 
40.0 mg, 0.23 mmol) and 4 mL of piperidine. The mixture was refluxed during 2 h in a 
Dean-Stark apparatus and the solvent was removed in situ. 40 mL of dry toluene and 4 
mL of piperidine were added, and the mixture was refluxed for another 2 h. After total 
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consumption of the starting material (monitored by UV-Vis), the solvent was evaporated. 
The resulting solid was washed with water (3 x 100 mL) and extracted with 
dichloromethane. The organic layer was dried over magnesium sulfate and the solvent 
was evaporated to give a blue solid. The crude product was purified by column 
chromatography on silica gel (heptane/dichloromethane 80 : 20) followed by a 
recrystallization in a mixture of dichloromethane and hexane to give 15 as a blue solid in  
79 % yield (600 mg, 0.86 mmol). 1H NMR (300 MHz, CDCl3) δ (ppm): 1.14 (t, 
3J = 7.5 Hz, 6H), 1.28 (s, 6H), 2.32 (t, 4J = 2.5 Hz, 1H), 2.58 (q, 3J = 7.5 Hz, 4H), 3.84 (s, 
6H), 4.30 (dd, 4J = 2.5 Hz, 3J = 5.2 Hz, 2H), 6.36 (t, 3J = 5.2 Hz, 1H), 6.93 (d, 3J = 8.7 Hz, 
4H), 7.20 (d, 3J = 16.7 Hz, 2H), 7.43, (d, 3J = 8.3 Hz, 2H), 7.56 (d, 3J = 8.7 Hz, 4H), 7.65 
(d, 3J = 16.7 Hz, 2H), 7.93 (d, 3J = 8.3 Hz, 2H). 13C{1H}  NMR (75 MHz, CDCl3) δ 
(ppm): 11.8, 14.1, 18.4, 55.4, 72.2, 79.3, 114.3, 127.8, 128.9, 129.4, 130.3, 132.5, 133.9, 
134.1, 135.8, 136.1, 138.3, 140.1, 150.9, 160.3, 166.3. 11B NMR (192.5 MHz, CDCl3) δ 
(ppm): 1.23 (t, 1J = 34.2 Hz). MS (ESI): m/z = 720.35 [M+Na]+. HRMS (ESI) 720.32039 
calcd for C43H42BF2N3O2Na 720.31869. UV-visible (THF): λmax (nm) (ε x 10-3 L mol-1 cm-
1): 250 (21), 334 (31), 368 (68), 608 (37), 654 (93). 
 
Compound 16. 60.0 µL of trimethylsilyl trifluoromethanesulfonate (TMSOTf, 330 µmol) 
and 4.0 mg of dimethylaminopyridine (DMAP, 330 µmol) were added to a solution of 15 
(115 mg, 165 µmol) in dry toluene (10 mL), and the mixture was stirred for 30 min at 
80°C. The solvent was evaporated, the residue was washed with water (3*20 mL) and 
dried over magnesium sulfate. The solution was concentrated to dryness and the residue 
was purified by silica gel column chromatography (dichloromethane/MeOH 97:3) to give 
16 as a red solid (m = 103 mg, yield = 66 %). 1H NMR (300 MHz, CDCl3): δ 1.06 (t, 
3J = 7.5 Hz, 6H), 1.36 (s, 6H), 2.29 (t, 4JA = 2.5 Hz, 1H), 2.46 (q, 3J = 7.5 Hz, 4H), 3.01 (s, 
6H), 3.85 (s, 6H), 4.30 (dd, 4JA = 2.5 Hz, 3JB = 5.1 Hz, 2H), 6.66 (d, 3J = 6.4 Hz, 2H), 6.85 
(d, 3J = 16.7 Hz, 2H), 6.94 (d, 3J = 8.6 Hz, 4H), 7.04 (t, 3JB = 5.1 Hz, 1H), 7.05 (d, 
3J = 16.7 Hz, 2H), 7.37 (d, 3J = 8.6 Hz, 4H), 7.47 (d, 3J = 7.9 Hz, 1H), 7.77 (d, 
3J = 7.0 Hz, 1H), 7.89 (d, 3J = 6.4 Hz, 2H), 8.08 (d, 3J = 7.0 Hz, 1H), 8.17 (d, 3J = 7.9 Hz, 
1H). 11B NMR (192.5 MHz, CDCl3): δ 1.45 (d, 1J = 35.5 Hz). ESI-MS: m/z = 678.4 [M-
C7H10N2-OTf]+, 800.4 [M-OTf]+. HRMS (ESI) 800.41267, calculated for C50H52BFN5O3+ 
800.41502. UV-Vis (THF) λ nm (ε, M-1cm-1): 659 (59), 440 (14), 376 (39), 292 (33).  
 
Compound 17. 5.20 µL  of a 100 mM solution of N3-BBN (DMF, 0.52 µmol), 5.20 µL of 
a 100 mM solution of compound 16 (DMF, 0.52 µmol), 2.80 µL of a 200 mM solution of 
CuSO4.5H2O (DMF, 0.57 µmol) and 0.30 mg of sodium ascorbate (1.51 µmol) were 
mixed together. The mixture was stirred at room temperature for 1 h and the reaction was 
monitored by HPLC. The crude product was purified by HPLC from 40 % to 70 % of B 
over 30 min to give 17 as a red solid (conversion (HPLC) = 41 %, purity = 98.4 %, 
tR = 3.57 min). Conversion was determined by relative integration of the chromatogram of 
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the crude compound, at 254 nm. ESI-MS: m/z 1788.79 [M-C7H10N2-OTf-TFA]+, 1910.85 
[M-OTf-TFA]+. HRMS (ESI) 1910.96003, calculated for C99H126BFN21O15S+ 1910.95495.  
 
Compound 18.[38] 2,4-Dimethylethylpyrrole (7.50 g, 60.9 mmol) and methyl 4-
formylbenzoate (5.00 g, 30.5 mmol) were dissolved in dichloromethane (2 L). 
Trifluoroacetic acid (140 µL) was added and the mixture was stirred at room temperature 
for 24 h. A solution of 2,3-dichloro-5,6-dicyano-p-benzoquinone (6.90 g, 30.5 mmol) in 
dichloromethane was added to the mixture and the solution was further stirred for 50 min, 
triethylamine (60 mL) and BF3.Et2O (60 mL) were added, the reaction mixture turned 
purple. After stirring during 1 h, the reaction mixture was washed with water, dried over 
magnesium sulfate and the solvent was evaporated. The residue was purified by silica gel 
column chromatography (dichloromethane/hexane 40:60) followed by recrystallization in 
a mixture of dichloromethane and hexane to give pure 18 as a red solid (m = 6.00 g, yield 
= 45 %). 1H NMR (300 MHz, CDCl3): δ 0.90 (t, 3J = 7.6 Hz, 6H), 1.18 (s, 6H), 2.22 (q, 
3J = 7.6 Hz, 4H), 2.46 (s, 6H), 3.90 (s, 3H), 7.33 (d, 3J = 8.4 Hz, 2H), 8.10 (d, 3J = 8.4 Hz, 
2H). 
 
Compound 19. Compound 18 (1.10 g, 2.51 mmol) and 4-(prop-2-yn-1-
yloxy)benzaldehyde (442 mg, 2.76 mmol) were dissolved in a mixture of dry toluene 
(50 mL), p-toluenesulfonic acid (PTSA, 53.0 mg, 0.31 mmol) and piperidine (3.30 mL, 
33.0 mmol). The mixture was refluxed during 2 h in a Dean-Stark apparatus and the 
solvent was removed in situ. 50 mL of dry toluene and 3 mL of piperidine were added and 
the mixture was refluxed for another 2 h. After consumption of approximately a third of 
starting material (monitored by UV-visible), the solvent was evaporated. The resulting 
solid was washed with water (3 x 100 mL) and extracted with dichloromethane. The 
organic layer was dried over magnesium sulfate and the solvent was evaporated to give a 
blue solid. The crude product was purified by column chromatography on silica gel 
(dichloromethane/heptane 40:60) followed by a recrystallization in a mixture of 
dichloromethane and hexane to give 19 (73.0 mg, 125 µmol) in 5% yield. Distyryl-
substituted BODIPY was also obtained as subproduct in 3 % yield. 1H NMR (300 MHz, 
CDCl3) δ (ppm): 0.97 (t, 3J = 7.5 Hz, 3H), 1.12 (t, 3J = 7.5 Hz, 3H), 1.25 (s, 3H), 1.27 (s, 
3H), 2.29 (q, 3J = 7.5 Hz, 2H), 2.52 (t, 4J = 2.4 Hz, 1H), 2.56 (s, 3H), 2.56 (q, 3J = 7.5 Hz, 
2H), 3.97 (s, 3H), 4.71 (d, 4J = 2.4 Hz, 2H), 6.97 (d, 3J = 8.8 Hz, 2H), 7.16 (d, 
3J = 16.8 Hz, 1H), 7.41 (d, 3J = 8.3 Hz, 2H), 7.54 (d, 3J = 8.8 Hz, 2H), 7.60 (d, 
3J = 16.8 Hz, 1H), 8.16 (d, 3J = 8.3 Hz, 2H). 13C{1H} NMR (75 MHz, CDCl3) δ (ppm): 
11.8, 12.1, 13.0, 14.3, 14.7, 17.3, 17.5, 18.5, 52.6, 56.1, 75.9, 78.6, 115.4, 118.6, 128.8, 
129.1, 130.5, 130.9, 131.3, 131.6, 133.4, 134.0, 135.1, 138.0, 141.1, 150.0, 155.8, 158.2, 
166.8. 11B NMR (192.5 MHz, CDCl3) δ (ppm): 0.98 (t, 1J = 33.8 Hz). MS (ESI): 
m/z = 603.4 [M+Na]+. HRMS (ESI) 603.26233 calcd for C35H35BF2N2O3Na 603.26071. 
UV-visible (THF): λmax (nm) (ε x 10-3 L mol-1 cm-1) = 238 (19), 319 (17), 339 (29), 389 
(8), 448 (27), 587 (81). 




Compound 20. 22.0 µL of trimethylsilyl trifluoromethanesulfonate (TMSOTf, 120 µmol) 
and 15.0 mg of dimethylaminopyridine (120 µmol) was added to a solution of 19 (35.0 
mg, 60.0 µmol) in dry toluene (2 mL), and the mixture was stirred for 30 min at 80°C. The 
solvent was evaporated, the residue was washed with water (3*10 mL) and dried over 
magnesium sulfate. The solution was concentrated to dryness and the residue was purified 
by silica gel column chromatography (DCM/MeOH 98:2) to give 20 as a purple solid 
(m = 36.0 mg, yield = 50 %). 1H NMR (300 MHz, CDCl3): δ 0.94 (t, 3J = 7.5 Hz, 6H), 
1.05 (t, 3JA = 7.5 Hz, 6H), 1.34 (s, 6H), 1.36 (s, 6H), 2.15 (s, 3H), 2.24 (q, 3J = 7.5 Hz, 
2H), 2.43 (qd, 3JA = 7.3 Hz, 2JB = 12.2 Hz, 1H), 2.45 (qd, 3JA = 7.5 Hz, 2JB = 12.2 Hz, 1H), 
2.54 (t, 4J = 2.5 Hz, 1H), 3.01 (s, 6H), 3.85 (s, 6H), 3.97 (s, 3H), 4.74 (d, 4J = 2.5 Hz, 2H), 
6.78 (d, 3J = 7.6 Hz, 2H), 6.79 (d, 3J = 16.7 Hz, 1H), 7.01 (d, 3J = 8.9 Hz, 2H), 7.03 (d, 
3J = 16.7 Hz, 1H), 7.37 (d, 3J = 8.9 Hz, 2H), 7.40 (dd, 3JC = 7.9 Hz, 4JD = 1.5 Hz, 1H), 
7.78 (dd, 3JC = 7.9 Hz, 4JD = 1.5 Hz, 1H), 7.94 (d, 3J = 7.6 Hz, 2H), 8.20 (dd, 3JC = 7.9 Hz, 
4JD = 1.5 Hz, 1H), 8.28 (dd, 3JC = 7.9 Hz, 4JD = 1.5 Hz, 1H). 11B NMR (192.5 MHz, 
CDCl3): δ 1.18 (d, 1J = 37.9 Hz). ESI-MS: m/z = 561.4 [M-C7H10N2-OTf]+, 683.4 [M-
OTf]+. HRMS (ESI) 683.35465, calculated for C42H45BFN4O3+ 683.35705. UV-Vis (THF) 
λ nm (ε x 10-3, M-1cm-1): 594 (56), 402 (9), 345 (18), 291 (25), 242 (20). 
 
Compound 21. 5.20 µL  of a 100 mM solution of N3-BBN (DMF, 0.52 µmol), 5.20 µL of 
a 100 mM solution of compound 20 (DMF, 0.52 µmol), 2.80 µL of a 200 mM solution of 
CuSO4.5H2O (DMF, 0.57 µmol) and 0.30 mg of sodium ascorbate (1.51 µmol) were 
mixed together. The mixture was stirred at room temperature for 1 h and the reaction was 
monitored by HPLC. The crude product was purified by HPLC from 40 % to 70 % of B 
over 30 min to give 21 as a red solid (conversion (HPLC) = 59 %, purity = 95.4 %, 
tR = 3.37 min). ESI-MS: m/z 1671.78 [M-C7H10N2-OTf-TFA]+, 1793.76 [M-OTf-TFA]+. 
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composés# B1# et# B2.# L'hydrogénation# catalysée# au# palladium# sur# charbon# du# groupe#


































toluène, 80°C, 30 min
2
B1 B2
rdt = 87 %rdt = 74 %
-OTf






Ce# problème# de# réduction# non# sélective# a# déjà# été# décrit# auparavant.167# Le#
produit#désiré,#porteur#d'une#fonction#aniline,#ainsi#que#les#produits#de#monoE#et#de#diE
réduction# des# fonctions# alcène,# possèdent# des# rapports# frontaux# très# proches# et# sont#
difficiles#à#séparer#par#chromatographie.##
D'autres#voies#ont#été#testées,#par#exemple#un#mélange#Zn/CaCl2#dans# l'éthanol,#
conditions# décrites# dans# la# littérature# pour# la# réduction# des# fonctions# nitro.168# Cette#
approche# a# cependant# conduit# à# la# dégradation# du# produit# de# départ.# Un# mélange#
hydrazine/nickel# de# Raney# connu# pour# réduire# spécifiquement# la# fonction# nitro# sans#

































































Lors# des# travaux# de# bioconjugaison# des# synthons# BODIPYEDMAP# sur# la#
bombésine,# nous# avons# également# envisagé# une# approche# multivalente.# Les# ligands#
multivalents#consistent#en#un#assemblage#de#plusieurs#vecteurs#sur#la#même#molécule.#
Ils# possèdent# généralement# des# interactions# avec# leurs# récepteursEcible# plus#
importantes#que#les#ligands#monovalents#(composés#d'un#seul#vecteur).170,171##
Nous# avons# envisagé# la# synthèse# d'un# BODIPYEDMAP# porteur# de# deux#
bombésines,# à# partir# d'un# synthon# BODIPYEDMAP# distyryle# portant# deux# fonctions#
alcyne.# Le# BODIPY# distyryle# B3# a# été# obtenu# avec# un# rendement# de# 40#%,# puis#



























toluène, 80°C, 1 h
B3 B4
rdt = 19 %rdt = 40 %
18
OTf









s'explique# par# la# protonation# du# motif# imidazole# porté# par# la# bombésine.# A# ce# sujet,#
notons#que#les#différents#BODIPY#bioconjugués#à# la#bombésine#décrits#dans#l’article#III#
présentent# une# solubilité# dans# l’eau# qui# diminue# à# mesure# que# l’on# ajoute# des#
groupements# styryles# sur# le# BODIPY.# Le# composé# 12* qui# ne# comporte# pas# de#
groupement#styryle#est#hydrosoluble,#alors#que#les#BODIPY#monoE#et#distyryle#21#et#17#
sont# respectivement# solubles# dans# un#mélange# eauEDMSO# 9#:# 1# et# 1#:# 1.# Ces# résultats#
confirment#le#problème#d’hydrophobicité#des#BODIPY#NIR#décrits#dans#le#chapitre#I.2.1.#
Nous#avons#cherché#à#modifier#la#structure#du#cœur#BODIPY#dans#l’optique#d’améliorer#
la# solubilité# des# bioconjugués# ciblés.# L’approche# des# OEBODIPY# distyryle# portant# des#
groupements# PEG# (composés# 15# et# 16* de# l’article# 1)# décrite# précédemment# est# peu#
adaptée#à#l’hydrosolubilisation#des#BODIPYEDMAP,#étant#donné#qu’un#seul#groupement#




Comme# expliqué# précédement,# l’introduction# de# groupements# styryles# sur# les#
BODIPY# permet# de# décaler# leurs# domaines# d'absorption# et# d'émission# vers# le# proche#
infraErouge,# mais# augmente# en# contreEpartie# leur# hydrophobicité.# Des# stratégies#
d'hydrosolubilisation# du# cœur# BODIPY# doivent# donc# être#mises# au# point.# Nous# avons#
ainsi# cherché#à#valoriser# le# cycle# aromatique#porté#par# les# groupements# styryles#pour#



















Na-ascorbate, DMF, 30 min
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BODIPY# monoE# et# distyryle# préalablement# synthétisés# (B6# et# B7# respectivement),#








D'un# point# de# vue# photophysique,# les# fonctions# aniline# provoquent# un# fort#
déplacement#bathochrome#des#bandes#d'absorption#et#d'émission,# le#doublet#nonEliant#
porté#par# l'azote#participant#à# la#délocalisation#électronique#dans# le#système#conjugué.#
Cette# transition# comporte# une# forte# contribution# provenant# d’un# transfert# de# charge#
intramoléculaire#(ICT#pour#Intramolecular#Charge#Transfer)#résultant#d’une#interaction#
donneurEaccepteur# respectivement# entre# le# groupement# aniline# et# le# BODIPY,# ce# qui#
explique#la#largeur#des#bandes#d’absorption#et#d’émission#observées#pour#les#composés#
B6# et# B7.89,172# La# protonation# de# l’atome# d’azote# a# pour# effet# un# déplacement#
hypsochrome# des# bandes# d'absorption# et# d'émission# puisque# le# doublet# nonEliant# de#
l'azote#ne#participe#plus# à# la#délocalisation#d'électrons.# La#démarche#vise# à# alkyler# les#
groupements#diméthylaniline#afin#de#stabiliser#la#forme#quaternisée,#quelque#soit#le#pH.#
La# littérature# présente# notamment# des# exemples# de# BODIPY# hydrosolubles# porteurs#
d'au# moins# une# fonction# iodure,173# triflate,161# bromure,94# hexafluorophosphate172# et#
sulfonate174#de#triméthylammonium.#
Le# caractère# faiblement# nucléophile# des# fonctions# aniline,# lié# au# fait# que# le#




























































































































































Stokes# comme# le# montre# le# Tableau# 7.# Dans# le# même# temps,# une# augmentation#




Composé* Solvant* λabs#(nm)# λem#(nm)* λem*=*λabs#(nm)* ΦF*
B6* 2EMeTHF# 619# 668# 49# 0.43#
B8* 2EMeTHF# 578# 588# 10# 0.69#
B7* 2EMeTHF# 711# 754# 43# 0.01#
B9* MeOH# 631# 643# 12# 0.40#
La# référence# utilisée# pour# les# mesures# de# ΦF# est# le# crésyl# violet,# (ΦF#=#0.54# dans# le#
méthanol).175#
#
Le# changement# des# propriétés# de# solubilité# a# été# confirmé# par# des# tests# de#
solubilité#dans#différents#solvants,#dont#l'eau#(Tableau#8).#
Tableau#8#:#solubilité#des#composés#B6,#B8,#B7#et#B9.#
Solvant* B6* B8* B7* B9*
Hexane# non# non# non# non#
CH2Cl2# oui# oui# oui# non#
Et2O# oui# oui# non# non#
Acétone# non# oui# faible# oui#
CH3CN# faible# oui# non# oui#
Ethanol# non# oui# non# oui#
Methanol# non# oui# non# oui#




solubles# dans# les# solvants# polaires# comme# l'acétonitrile,# l'éthanol# et# le# méthanol.# La#
quaternisation# des# composés#B6# et#B7* permet# donc# une# diminution# notable# de# leur#
hydrophobicité.# Cette# approche# pourrait# permettre# d’améliorer# les# propriétés# de#
solubilité#des#BODIPY#styryle#bioconjugués#décrits#précédement.#Ces#perspectives#sont#
représentées#dans#les#deux#schémas#rétrosynthétiques#suivants.#La#Figure##50#décrit#la#










La# deuxième# synthèse# envisagée# implique# l’introduction# de# deux# groupements#
styryles#portant#une#fonction#aniline#à#partir#du#composé#8* (Figure##51).*Par#rapport#à#
l’approche# décrite# précédemment# cette# méthode# permettrait# l’introduction# d’un#
deuxième# sel# d’ammonium# sur# le# BODIPY# distyryle,# réduisant# d’autant# plus# son#


























































































Les#premières# conclusions# à# tirer#de# ces# résultats# concernent# les# conditions#de#
synthèse# supportées#par# le#groupement#DMAP.#CeluiEci# a# résisté#à#diverses# conditions#
réactionnelles,# notamment# à# la# présence# de# thiophosgène# (groupement# électrophile)#
lors#de#la#transformation#de#la#fonction#amine#en#fonction#isothiocyanate,#ainsi#que#lors#
des#différentes#réactions#de#bioconjugaison#réalisées#par#«#chimie0click#»,#en#présence#de#
sulfate# de# cuivre,# et# d'ascorbate# de# sodium.# En# revanche,# le# groupement# DMAP# est#
sensible# à# la# présence# d'amines# (propylamine# et# diisopropylamine).# L'hydrogénation#
catalysée# au#palladium# sur# charbon# a# également# conduit# à# la# dégradation#du#motif# BE
DMAP.##
Le# groupement# DMAP# s'avère# être# un# bon# groupement# partant# en# présence#
d'agents#fluorants.#Parmi#les#différentes#conditions#de#fluoration#testées,#l'utilisation#de#
fluorure# de# potassium# en# présence# de# kryptofix# [222]# s'est# révélée# particulièrement#







reproductibles# lors# d'un# marquage# à# chaud.# Pour# cela,# des# tests# de# radiofluoration#






bons# rendements.# Ces# systèmes# doivent# toutefois# être# optimisés,# en# particulier# en#
introduisant#des#groupements#hydrosolubilisants#sur#le#squelette#BODIPY.#
Il#serait#également# intéressant#de#greffer#par#«#chimie0click#»#des#BODIPYEDMAP#
sur# d'autres# peptides# vecteurs,# et# de# déterminer# si# les# BODIPYEDMAP# bioconjugués#
obtenus# résistent# aux# conditions# de# radiofluoration.# Si# c'est# le# cas,# ces# composés#
pourraient#constituer#des#plate#formes#bimodales#optique/TEP#radiomarquables#en#une#
étape,#et#spécifiques#de#différentes#zones#d'intérêt.#Notons#à#ce#propos#que#le#groupe#de#
Weissleder# a# très# récemment# reporté# la# radiofluoration# d’un# BODIPY# portant# un#










Christine# Goze# est# à# l'origine# de# l'inspiration# qui# a# conduit# à# ces# travaux# de#





la# caractérisation# des# différents# BODIPYEbombésine.# Victor# Goncalves,# Maître# de#
Conférence#à# l’ICMUB,#m'a#apporté#de#nombreux#conseils,# en#particulier#concernant# la#




parties# du# présent#manuscrit,# avec# une# contribution# principale# pour# la# rédaction# des#








# Au# cours# des# travaux# présentés# dans# ce# chapitre# II,# nous# avons# cherché# des#
moyens#d’optimisation#de#la#structure#du#BODIPY#en#vue#d’applications#pour#l’imagerie#
médicale.# Des# voies# de# synthèse# permettant# l’hydrosolubilisation,# l’introduction# de# la#
bimodalité#et#la#bioconjugaison#des#BODIPY#ont#été#explorées.#Certaines#d’entre#elles#ont#
ensuite# été# appliquées# à#des#BODIPY#distyryle# émettant#dans# les# longueurs#d’onde#du#
proche#infraErouge.#La#chimie#du#bore#a#particulièrement#été#utilisée,#notamment#pour#
l’introduction# de# groupements# PEG# hydrosolubilisants# par# OEfonctionnalisation.# Nous#
avons#également#montré#que#les#OEBODIPY#conservent,#même#dans#l’eau,# leurs#bonnes#
propriétés# de# fluorescence.# Cette#méthode#originale# de# fonctionnalisation#des#BODIPY#
n’a# cependant# pas# permis# l’introduction# de# tétraazacycloalcanes,# agents# chélatants#
permettant# de# complexer# un# radiométal.# Une# autre# stratégie# d’élaboration# de#
précurseurs#pour#l’imagerie#bimodale#optique/TEP,#à#base#de#18FEBODIPY,#a#été#étudiée.#
L’introduction# sur# l’atome# de# bore# du# BODIPY# d’un# groupement# DMAP,# un# groupe#
partant#en#présence#d'ions#fluorures,#est#une#des#stratégies#récemment#décrite#dans# la#
littérature.# Nous# avons# montré# que# ce# groupement# résiste# à# certaines# conditions#
réactionnelles,# notamment# aux# conditions# de# «#chimie# click#»# utilisées# lors# de# la#
bioconjugaison# des# BODIPYEDMAP# sur# la# bombésine.# La# fluoration# peut# alors# être#

















Les# BODIPY# possèdent# des# propriétés# spectroscopiques# remarquables# :# leur#
absorption# est# importante,# leurs# rendements# quantiques# de# fluorescence# sont#
généralement# supérieurs# à#50#%,# et# il# est#possible#de#moduler# leurs# longueurs#d'onde#
d'absorption#et#d'émission#dans# le#spectre#du#visible#et#du#procheEinfrarouge.#De#plus,#
ces# composés# offrent# de# larges# possibilités# synthétiques# :# de# nombreux# groupements#
réactifs# peuvent# être# introduits# et# il# est# possible# de# réaliser# des# monoE# ou# diE
fonctionnalisation,#dépendamment#de#la#position#réactive#mise#en#jeu#sur#le#fluorophore.#
Ces# caractéristiques# permettent# d'expliquer# pourquoi# les# BODIPY# sont# largement#
utilisés# pour# l'étude# des# propriétés# spectroscopiques# de# systèmes#
multichromophoriques.177,178#Les#différentes#synthèses#décrites#dans# les#articles# I# et# II#
nous# ont# permis# d'accéder# à# une# gamme# de# BODIPY# précurseurs# possédant# diverses#
fonctions# réactives,# et# différents# gammes# de# longueurs# d'onde# d'absorption# et#
d'émission.# Dans# le# cadre# d'une# collaboration# avec# l’équipe# de# JeanEMichel# Barbe# et#
Claude#Gros,#nous#avons#valorisé#ces#composés#en#les#couplant#à#d'autres#chromophores#
dérivés#de#porphyrines#et#de#corroles.#Une#partie#des#travaux#réalisés#à#l'Université#de#
Sherbrooke# a# consisté# à# étudier# les# propriétés# spectroscopiques# de# ces# systèmes#
multichromophoriques.# Différents# outils# tels# que# la# mesure# du# temps# de# vie# de#
fluorescence,# ou# l'optimisation# de# géométrie# par# DFT# (théorie# de# la# fonctionnelle# de#
densité),#ont#notamment#été#utilisés#afin#d’expliquer#certains#phénomènes#de#transfert#
d'énergie.##
Deux# articles# sont# ici# présentés.# L'article# III# décrit# deux# systèmes# BODIPYE
bisporphyrine# obtenus# par# OEfonctionnalisation.# L'article# IV# présente# différents#
systèmes#BODIPYEcorrole#obtenus#par#«#chimie0click#».#Quelques# rappels# théoriques#de#









L'état# excité# M*# possède# des# propriétés# différentes# de# celles# de# l'état#
fondamental.#Un#état#excité#est#généralement#beaucoup#plus#réactif,#son#temps#de#vie#est#
donc# plus# court.# Le# temps# de# vie# de# l'état# excité# joue# un# rôle# important,# puisqu'il#
représente# la# fenêtre# de# temps# expérimentale# à# travers# laquelle# les# processus# de#
désexcitation#peuvent#être#observés.##
On#distingue#deux#sortes#de#processus#de#désexcitation#:##
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Plusieurs#paramètres# intrinsèques#au#milieu#parmi# lesquels# la# concentration#en#
espèces,#la#température#et#la#viscosité#du#solvant#régissent#les#processus#d’inhibition#de#







Un# transfert# d’énergie# peut# se# produire# quelles# que# soient# la# nature# et# la#
multiplicité#des#états#D*#et#A,#à#condition#toutefois#que#l’énergie#de#D*#soit#supérieure#à#
celle#de#A*,#que#le#transfert#d’énergie#soit#plus#rapide#que#la#durée#de#vie#de#D*#et#qu’il#y#
ait# conservation# du# spin.# Après# le# transfert,# le# donneur# retourne# toujours# à# l’état#
fondamental.# Le# transfert# d’énergie# nécessite# l’existence# d’un# recouvrement# entre# le#
spectre#d’émission#du#donneur#et#le#spectre#d’absorption#de#l’accepteur.#
Le# transfert# d’énergie# est# un# processus# bichromophorique# qui# implique# un#
donneur# et# un# accepteur.# Le# donneur# et# l’accepteur# peuvent# être# liés# au# sein# d’une#
même#molécule.#Dans#ce#cas,#les#mêmes#mécanismes#sont#mis#en#jeu.#














Une# des# conséquences# du# transfert# radiatif# est# une# légère# diminution# de#
l’intensité#de#fluorescence#du#donneur,#et#ce#uniquement#dans#la#zone#de#recouvrement#




mais# il# dépend# de# la# concentration# des# espèces# et# du# recouvrement# entre# le# spectre#
d’émission#du#donneur#et#le#spectre#d’absorption#de#l’accepteur.#A#l’inverse,#le#transfert#
d’énergie# non# radiatif# nécessite# des# interactions# électroniques# spécifiques# entre# le#
donneur#et#l’accepteur.#
1.1.2 Transfert*d’énergie*non*radiatif.*
Le# transfert# d’énergie#non# radiatif# de# l’énergie#d’excitation#ne#peut# se#produire#
que#si#le#spectre#d’émission#du#donneur#recouvre#partiellement#le#spectre#d’absorption#
de# l’accepteur,# afin# qu’il# existe# une# correspondance# en# énergie# entre# des# transitions#
vibroniques# du# donneur# et# des# transitions# vibroniques# de# l’accepteur.# De# telles#
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courte# distance# (mécanisme# d’échange# d'électron# de# type# Dexter).# Bien# que# le#
mécanisme#d’échange#de# type#Dexter# soit#prédominant#à# courte#distance,# il# faut#noter#
que#le#mécanisme#coulombien#reste#tout#de#même#effectif.##
1.1.2.1 Mécanisme#de#Förster.#
Le# transfert# d’énergie# de# type# Förster# (FRET# pour# Förster# Resonance# Energy#
Transfer)#est#un#transfert#dit#coulombique,#dominé#par#une#interaction#dipôleEdipôle#sur#
de# longues# distances,# pouvant# atteindre# 100#Å.# Ces# interactions# perturbent# les#
structures# électroniques#du#donneur# et#de# l’accepteur#d’énergie.#Elles# sont# transmises#






Plusieurs# conditions# influent# sur# l’efficacité# (donc# la# vitesse)# de# cet# échange,#
parmi#lesquelles#l’orientation#relative#des#dipôles#κ2,#la#distance#séparant#les#dipôles#(r),#
le# recouvrement# spectral# entre# le# spectre# d’émission# du# donneur# et# d’absorption# de#
























θD#et#θA#sont# les#angles#que# forment#ces#moments#de#transition#avec# le#vecteur# liant# le#
donneur#à#l’accepteur#;#φ#est#l’angle#entre#les#projections#des#moments#de#transition#sur#
un#plan#perpendiculaire#à#la#ligne#des#centres#(Figure##54).#κ2#peut#en#principe#prendre#







Notons# que# lorsque# les#molécules# tournent# librement# à# une# vitesse# beaucoup# plus#







son# HOMO# vers# l’orbitale# correspondante# de# D.183# On# peut# considérer# qu’à# courte#
distance# (en# dessous# de# 10#Å),# le# mécanisme# d’échange# d’électrons# de# type# Dexter#
devient# prépondérant# visEàEvis# de# celui# de# type# Förster.# Néanmoins,# ce# dernier# reste#

























Les# systèmes#multichromophoriques# sont# capables# de# former# des# assemblages#
supramoléculaires# photoactifs# très# diversifiés# et# dotés# de# propriétés# photophysiques#
multiples# dont# le# transfert# d’énergie# intermoléculaire.# Cette# propriété# est# notamment#
utilisée# pour# l’étude# des# interactions# protéinesEprotéines# aussi# bien# à# l’intérieur# de# la#
cellule# qu’à# la# surface# cellulaire.184# Dans# le# domaine# des# récepteurs# couplés# aux#
protéines# G# par# exemple,# ces# approches# ont# révélé# l’existence# de# récepteurs#
membranaires# homoE# ou# hétérodimériques# et# ont# contribué# à# mieux# comprendre# les#










La# compréhension# du# phénomène# de# transfert# d’énergie# intermoléculaire# est#
capitale#pour#améliorer#la#précision#des#méthodes#bioanalytiques.#Elle#passe#notamment#
par#le#développement#et#l’étude#de#systèmes#multichromophoriques.#Ces#composés,#que#
l’on# peut# également# qualifier# de# cassettes# à# transfert# d’énergie,# possèdent# de# larges#
domaines#d’absorption,# et#un#grand#écart# spectral# entre# l'absorption#du#donneur#et# la#
fluorescence# de# l'accepteur.# Ces# propriétés# spectrales# uniques# permettent# leur#
application#dans#d’autres#domaines#que#la#biotechnologie.#Ils#font#notamment#l’objet#de#
nombreux#développements# de# dispositifs# photovoltaïques# organiques,# nécessitant# une#
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absorption# sur# une# large# gamme#de# longueur# d’onde.# Pour# ces# systèmes,# un# transfert#
d'énergie#efficace,#donc#rapide#est#privilégié.#
Les#caractéristiques#photophysiques#des#BODIPY#(forte#absorption,# rendements#
quantiques# de# fluorescence# élevés,# domaine# d’absorption/émission#modulable# dans# la#
zone# visible# et# proche# infraErouge)# en# font# de# bons# candidats# pour# l’élaboration# de#
systèmes#multichromophoriques.177# La# Figure# # 56# l’illustre# parfaitement#:# ce# composé#
















































Dans# ces# travaux#de# thèse,#nous#cherchons#à# valoriser#différents#BODIPY#décrits#
dans# le# chapitre# II# pour# la# synthèse# de# nouveaux# systèmes# d’antennes#
multichromophoriques# à# base# de# BODIPY.# Dans# l’article# III,# la# méthode# de# OE
fonctionnalisation#décrite#dans#le#chapitre#II.1#est#mise#en#oeuvre#pour#la#synthèse#de#OE
BODIPYEbisporphyrine.# L’article# IV# est# consacré# à# l’élaboration# de# plusieurs# systèmes#
BODIPYEcorrole# de# gallium,# à# partir# de# précurseurs# décrits# dans# le# chapitre# II.2.# En#
modulant#la#structure#du#BODIPY#dans#ces#systèmes#d’antenne,#le#corrole#de#gallium(III)#
est#alternativement#donneur#ou#accepteur#d’énergie.##
Les# études# photophysiques# des# différents# composés# synthétisés# sont# également#
présentées# dans# ces# deux# articles.# Les# constantes# de# vitesse# de# transfert# d’énergie# de#
chaque# système# d’antenne# seront# calculées,# et# des# corrélations# entre# les# valeurs#







La# formation# de# liaisons# BEC# a# notamment# été# utilisée# par# le# groupe# de# Ziessel# pour#













A# notre# connaissance,# les# seuls# travaux# décrivant# un# système# d’antenne# à# base# de#OE
































n = 0, 1, 2, 3












Dans# l’article# III,# nous# rapportons# deux# nouveaux# systèmes# OEBODIPYE
bisporphyrineEH2# et# OEBODIPYEbisporphyrineEZn# pour# lesquels# une# excitation# du#
BODIPY#entraîne#un# transfert#d’énergie#du#BODIPY#vers# la#porphyrine.# Les#propriétés#
















































Deux# systèmes#OEBODIPYEbisporphyrine# ont# été# synthétisés# et# leurs# propriétés#












3: M = 2H
4: M = Zn
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Abstract. B,B-diporphyrinbenzyloxy-BODIPY derivatives have been prepared in high 
yields and the photophysical properties are reported. Singlet energy transfers from 
BODIPY to the porphyrin units have been analyzed. 
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 The B-F bonds of BODIPY are convenient functions for the design of light 
harvesting devices based on this dye. Despite numerous efforts, there are only few 
examples reported so far including the 4,4-dialkoxy or 4,4-diaryloxy-diaza-S-
indacene(BODIPY)-containing antennas.1u,2 In this respect, some B-methoxy (B-OMe) 
BODIPY were successfully prepared by reacting the corresponding BF2 compound with 
sodium methoxide in methanol.2a The absorption and emission spectra of the 
corresponding alkoxy products reveal no change compared to the BODIPY itself, 
indicating that the introduction of substituents on the B-atom had little effect on the 
electronic states of the boroindacene core.2a B-OR BODIPY systems have also been 
obtained via the treatment of the corresponding BODIPY with various alcohols in the 
presence of aluminum trichloride.2b Furthermore, a difluoro-boron dipyrrin was 
subsequently converted into dioxyboron dipyrrin derivatives by treatment with dihydroxy 
benzaldehyde in the presence of aluminum trichloride and provided access to donor–
acceptor–acceptor and antenna–donor–acceptor type triads.1u We now wish to report here 
the synthesis and characterization of B,B-diporphyrinbenzyloxy-BODIPY derivatives 













3: M = 2H


















The target model compound 1 and the dyad system 3 were readily obtained in only 
one step from benzyl alcohol and porphyrin 2 (obtained by reduction of 5-(4-
(carboxy)phenyl)-10,15,20-tritolylporphyrin zinc)) in 61 and 86% yield, respectively 
(Scheme 1). The zinc insertion into the free base 3 followed by purification by column 
chromatography over silica with dichloromethane as the solvent gave the diporphyrin 
biszinc complex 4 in an almost quantitative yield. The experimental conditions and 
spectroscopic data for 1, 2, 3 and 4 are provided in the Supporting Information (SI, 
Experimental Section). The HR-MS data of 3 and 4 reveal the presence of only one ion 
attributed to the mono-sodium adduct. In both cases, the perfect match between 
experimental and simulated ionic patterns undoubtedly confirms the structure of 3 and 4 
(see SI). For example, the calculated mass for the mono-sodium adduct of 4 
(C121H99BN10NaO4Zn2) is equal to 1917.6436 Daltons, in agreement with the experimental 





 Table 1 summarizes the UV-vis data for all compounds in THF. Compound 1 
exhibits two bands characteristic of BODIPY; the S0-S1 band at 526 and the S0-S2 band at 
382 nm, both assigned to spin-allowed π-π* transitions. The UV-vis spectrum of the free 
base porphyrin 2 and Zn(TPP) (TPP= 5,10,15,20-tetraphenylporphyrin) are characterized 
by one Soret band, two Q bands for Zn(TPP) and five Q bands for 2. It appears that 











4: M = Zn
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absorption spectra of the individual components, 1 and 2 for compound 3, and 1 and 
Zn(TPP) for compound 4 (Figures S6 and S7) indicating that the interchromophoric 
interactions are minimal. The positions of the absorption spectra of compound 1 and 
Zn(TPP) indicate that BODIPY and the porphyrin units are the S1 energy donor and 
acceptor, respectively. 
Table 1. UV-Vis Absorption Data in THF at 298K 
  
Compound 
λmax (nm) (ε x 10-3 M-1cm-1) 
Porphyrin chromophore BODIPY chromophore 
Soret band Q Bands S2 Band S1 Band 
1 - - 382 (3.3) 526 (32.5) 










- 526 (69.1) 
4 423 (104) 559 (36.7) 
598 (15.9) 
  
  528 (60.0) 
  
Zn(TPP) 423 (606) 594 (7.1) 
555 (21.7) 
    
  
 
 The photophysical data are summarized in Table 2. One example of the 
fluorescence spectra is provided in Figure 1. BODIPY 1 shows an intense fluorescence at 
544 nm with a quantum yield, ΦF, of 0.62 and a lifetime, τF, of 3.7 ns. The emission 
spectra of the porphyrin subunits exhibit two characteristic bands respectively at 653 nm 
and 718 nm for compound 2 (τF = 11.0 ns), and 605 nm and 655 nm for Zn(TPP) (τF = 1.9 
ns). 
 




Figure 1: Emission spectra of compounds 2 (red, λexc = 500 nm), 3 (green) and 1             
(blue, λexc = 530 nm) in 2-MeTHF, at 298K.  





able 2. Fluorescence lifetim
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 When dyad 3 is irradiated at 530 nm where the BODIPY chromophore absorbs the 
most, almost exclusively the fluorescence of the porphyrin unit is observed. The 
excitation spectrum exhibits a perfect match with the absorption (Figure 2 and SI). These 
two properties indicate clearly an efficient S1 energy transfer from BODIPY to porphyrin, 




Figure 2: Absorption and excitation spectra of compound 4 (λexc = 653 nm) 
  
 The τF data were used to extract the S1 energy transfer rates, kET. Again, 
compounds 3 and 4 exhibit two fluorophores, BODIPY and porphyrins (as a free base or a 
zinc(II) complex), again assigned as the S1 energy donor and acceptor, respectively. The 
ΦF data of the acceptor remain relatively the same regardless the presence or the absence 
of the S1 energy donor at 298 and 77K. This observation indicates that the anchoring of 
the porphyrin unit onto BODIPY does not increase the rates for the non-radiative 
processes internal conversion, kic, and intersystem crossing, kisc. On the other hand, a 
decrease in τF of the donor is noted, particularly at 77K (by ~a factor of 2). Using the 
equation kET = 1/ τF(donor) -1/ τF°(donor)  where τF and τF° are the fluorescence lifetimes of the 
donor in the presence and absence of acceptor, respectively, then the approximated kET is 
~1 x 108 s-1 for both 3 and 4. Despite the obvious decrease in total ΦF (going from 0.62 for 
1 to 0.068 and 0.039 for 3 and 4, respectively, at 298K), the through space energy transfer 
rates of 1 x 108 s-1 are considered modest with respect to other dyads (~109 – 1010 s-1). The 
reason for this is most likely due to the non-parallel orientation of the transition moments 
between the donor and the acceptor according to a Förster mechanism6 (see the graphical 
abstract which corresponds to a minimized geometry of 4; PC Model). In line with a 
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Förster mechanism,6 the fact that the kET data is strongly temperature dependent (kET ~3 x 
107 s-1 at 298 K) is consistent with this explanation where a relative change in 
conformation occurs via the rotation about the B-O and O-C single bonds upon changing 
the temperature. 
 In conclusion, the good spectral overlap between the donor fluorescence 
(BODIPY) and acceptor absorption (porphyrin) leading to a notable quenching of the 
former is observed and clearly demonstrates the BODIPY dye as a good chromophore for 
the antenna effect. However, the current dyad design can be improved from a gain in 





Instrumentation. 1H NMR spectra were recorded on a 300 MHz spectrometer at the 
“Pôle Chimie Moléculaire (Université de Bourgogne)”; chemical shifts are expressed in 
ppm relative to chloroform. 13C NMR spectra were recorded on a 300 MHz spectrometer 
at the “Université de Sherbrooke”. Mass spectra were obtained in the MALDI/TOF 
reflectron mode using dithranol as a matrix or by ESI on an Orbitrap spectrometer. The 
measurements were made at the “Pôle Chimie Moléculaire (Université de Bourgogne)”. 
UV-vis spectra were recorded on a diode array apparatus. Emission and excitation spectra 
were obtained using a double monochromator instrument. Fluorescence and 
phosphorescence lifetimes were measured on a apparatus incorporating a nitrogen laser as 
the source and a high-resolution dye laser (fwhm = 1.4 ns). Fluorescence lifetimes were 
obtained from high-quality decays and deconvolution or distribution lifetime analysis. The 
uncertainties ranged from 20 to 40 ps on the basis of multiple measurements. 
Phosphorescence lifetimes were determined using an apparatus incorporating a 1 µs 
tungsten flash lamp (fwhm ~1 µs). Flash photolysis spectra and transient lifetimes were 
measured using the 355 nm line of a YAG laser from Continuum (Serulite; fwhm =13 ns). 
 
Quantum Yield Measurements. For measurements at 298 K, all samples were prepared 
in a glovebox, under argon (O2 < 12 ppm), by dissolution of the compounds in 2-MeTHF, 
using 1 cm3 quartz cells with a septum. Three different measurements (i.e., different 
solutions) were performed for each set of photophysical data (quantum yield). The sample 
concentrations were chosen to correspond to an absorbance of ~0.05 at the excitation 
wavelength. Each absorbance value was measured three times for better accuracy in the 
measurements of emission quantum yields. Tetraphenylporphyrin (0.10 in THF)7 or 
tetraphenylporphyrin zinc(II) (0.033 in THF) were used as reference.8 
 
Chemicals and Reagents. Unless otherwise noted, all chemicals and solvents were of 
analytical reagent grade and used as received. Silica gel (70-120 µm) was used for column 
chromatography. Analytical thin-layer chromatography was performed with 60 F254 silica 
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gel (precoated sheets, 0.2 mm thick). Reactions were monitored by thin-layer 
chromatography, UV/Vis spectroscopy and MALDI/TOF mass spectrometry. 
 
5-(4-(Carboxy)phenyl)-10,15,20-tritolylporphyrin Zinc(II). To a solution of 4-
carboxybenzaldehyde (2.20 g, 14.6 mmol) in 250 mL of CHCl3 were added 4.56 g (19.3 
mmol) of 5-para-tolyldipyrromethane and 590.0 mg (5.0 mmol) of 4-
methylbenzaldehyde.  The solution was degassed under nitrogen bubbling for 15 min, 
shielded from light. Boron difluoride diethyletherate (325 µL, 2.5 mmol) was added 
dropwise and the reaction mixture was stirred at room temperature for 1 h 30 min. p-
Chloranil (2.40 g, 9.7 mmol) was then added under stirring. After 2 hours, the solvent was 
evaporated under reduced pressure. The residue thus obtained was chromatographed on 
silica gel using CH2Cl2/MeOH (100/5) and the first purple fraction was isolated. After 
evaporation of the solvent under vacuum, the residue was re-dissolved in 250 mL of 
chloroform and the solution was treated with 100 mL of a methanolic solution of 
Zn(OAc)2.2H2O (2.40 g, 30.0 mmol) in the presence of sodium acetate (2.40 g, 30.0 
mmol). The mixture was heated at 75°C, the reaction was monitored by TLC, UV-visible 
and MALDI/TOF mass spectrometry. After 2 hours and cooling to room temperature, the 
reaction mixture was washed three times with water (750 mL), then dried over 
magnesium sulphate and concentrated. The residue obtained was chromatographed on 
silica gel (CH2Cl2/MeOH, 100/5). The red-pink fraction was isolated, and the solvent was 
removed under reduced pressure to give the title compound in 27% yield (2.00 g, 2.67 
mmol). Mp > 300 °C. UV/Vis (CH2Cl2): λmax (nm) (ε x 10-3 L mol-1 cm-1) = 422.0 (135), 
551.0 (6), 588.0 (3). 1H NMR (CDCl3, 298 K): δ (ppm) = 2.61 (s, 9H), 7.54 (d, J = 7.8 Hz, 
6H), 8.08 (d, J = 7.8 Hz, 6H), 8.32 (d, J = 8.1 Hz, 2H), 8.47 (d, J = 8.1 Hz, 2H), 8.91 (m, 
8H). MS (MALDI-TOF): m/z = 762.18 [M]+@, 762.19 calcd. for C48H34N4O2Zn. 
 
B,B-Bisbenzoyl-1,3,7,9-tetramethyl-2,8-diethyl-5-(para-methylbenzoyl)-BODIPY 
(1).To a solution of BODIPY ester (70.0 mg, 160 µmol) in dry CH2Cl2 (25 mL) was 
added, under nitrogen, aluminium trichloride (175.0 mg, 1.31 mmol). The solution was 
heated to 40°C for 30 min (the color of the solution turned from pale-orange to red) then 
cooled to room temperature. Benzyl alcohol (85 µL, 820 µmol)) was then added and the 
reaction mixture was stirred at room temperature for 1 h. After filtration over alumina in 
order to remove AlCl3, all the volatiles were evaporated under reduced pressure. After 
purification by chromatography on silica (EtOAc), the title compound was isolated as a 
red oil in 61% yield (60.0 mg, 97 mmol). UV/Vis (CH2Cl2): λmax (nm) (ε x 10-3 L mol-1 
cm-1) = 418.0 (880), 525.0 (77), 592.0 (10), 649.0 (10). 1H NMR (CDCl3, 298 K): δ 
(ppm) = 0.87 (t, J = 7.4 Hz, 6H), 1.17 (s, 6H), 2.15 (q, J = 7.4 Hz, 4H), 2.42 (s, 6H), 4.02 
(s, 3H), 4.49 (s, 4H), 7.15 (m, 10H), 7.40 (d, J =8.4 Hz, 2H), 8.13 (d, J =8.4 Hz, 2H). 13C 
NMR (CDCl3, 75 MHz, 298 K): δ (ppm) = 11.9, 12.7, 14.7, 17.1, 29.7, 30.2, 31.4, 52.4, 
64.5, 124.5, 126.3, 127.5, 127.7, 129.0, 130.2, 136.2, 141.5, 154.9. HR-MS (ESI): m/z = 
637.3178 [M+Na]+, 637.3214 calcd. for C39H43BNaN2O4. 
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5-(4-(Hydroxymethyl)phenyl)-10,15,20-tritolylporphyrin (2). To a suspension of 
LiAlH4 (75.0 mg, 1.97 mmol) in dry tetrahydrofuran (35 mL) was added dropwise at -
80°C a solution of 5-(4-(carboxy)phenyl)-10,15,20-tritolylporphyrin zinc (500.0 mg, 0.65 
mmol) in dry tetrahydrofuran (35 mL). The mixture was stirred at -80°C for 10 min, 
warmed to room temperature for 1 hour, then quenched with water (5 mL). After 
evaporation of the solvent in vacuum, the residue was extracted with CHCl3, washed three 
times with water (10 mL), dried over magnesium sulphate then filtered and evaporated. 
The residue obtained was chromatographed on silica (CH2Cl2/MeOH, 100/2). The 
fractions were collected and the solvent was evaporated under reduced pressure. The solid 
was dissolved in CH2Cl2 (100 mL) and 2.0 mL of trifluoroacetic acid were added 
dropwise under stirring. After 2 hours, the reaction mixture was washed with saturated 
hydrogen carbonate solution, two times with water (100 mL), then dried over magnesium 
sulphate. After all volatiles were removed under reduced pressure, the title compound 2 
was isolated in 57% yield (254.0 mg, 0.37 mmol) as a purple powder. Mp > 300 °C. 
UV/Vis (CH2Cl2): λmax (nm) (ε x 10-3 L mol-1 cm-1) = 416.0 (330), 514.0 (13), 550.0 (8), 
590.0 (4), 646.0 (3). 1H NMR (pyridine-D5, 298 K): δ (ppm) = -2.27 (s, 2H), 2.61 (s, 9H), 
5.36 (s, 2H), 7.60 (d, J = 7.6 Hz), 8.07 (d, J = 7.9 Hz, 2H), 8.27  (d, J = 7.6 Hz, 6H), 8.47 
(d, J = 7.9 Hz, 2H), 9.14 (m, 8H). 13C NMR (CDCl3, 75 MHz, 298 K): δ (ppm) = 14.1, 
21.5, 29.7, 30.3, 65.4, 120.2, 125.3, 127.4, 131.0, 134.5, 137.3, 139.3. MS (MALDI-
TOF): m/z = 686.3122 [M]+@, 686.3040 calcd. for C48H38N4O. 
 
B,B-Bis(1-benzyloxy-10,15,20-tritolylporphyrinyl)-1,3,7,9-tetramethyl-2,8-diethyl-5-
(para-methylbenzoyl)-BODIPY (3). To a solution of BODIPY ester (23.0 mg, 52 µmol) 
in dry THF (50 mL) was added, under nitrogen, aluminium trichloride (55.0 mg, 412 
µmol). The solution was heated to 40°C for 30 min (the color of the solution turned from 
pale-orange to red) then cooled to room temperature. 5-(4-(Hydroxymethyl)phenyl)-
10,15,20-tritolylporphyrin 2 (170.0 mg, 250 µmol) was then added and the reaction 
mixture was stirred at room temperature for 1 h 30 min. After filtration over alumina in 
order to remove AlCl3, all the volatiles were evaporated under reduced pressure. After 
purification by chromatography on silica (EtOAc/heptane, 30/70), the compound was 
crystallized in a CH2Cl2/heptane mixture to afford the title compound 3 as a purple solid 
in 84% yield (78.0 mg, 44 mmol). Mp > 300 °C.  UV/Vis (CH2Cl2): λmax (nm) (ε x 10-3 L 
mol-1 cm-1) = 418.0 (880), 525.0 (77), 592.0 (10), 649.0 (10). 1H NMR (CDCl3, 298 K): δ 
(ppm) = -2.77 (s, 4H), 1.05 (t, J = 7.4 Hz, 6H), 1.42 (s, 6H), 2.42 (q, J = 7.4 Hz, 4H), 2.68 
(s, 18H), 2.88 (s, 6H), 3.98 (s, 3H), 4.57 (s, 4H), 7.54 (d, J = 7.9 Hz, 12H), 7.64 (d, J = 8.4 
Hz, 2H), 7.67 (d, J = 8.0 Hz, 4H), 8.08 (d, J =  7.9 Hz, 12H), 8.10 (d, J = 8.0 Hz, 4H), 8.24 
(d, J = 8.4 Hz, 2H), 8.83 (s, 16H). 13C NMR (CDCl3, 75 MHz, 298 K): δ (ppm) = 12.1, 
13.2, 14.9, 17.3, 21.5, 29.7, 52.4, 64.8, 120.0, 120.3, 126.2, 127.4, 129.1, 130.3, 130.9, 
131.8, 133.3, 134.3, 134.5, 155.1. HR-MS (ESI): m/z = 886.4219 [M+2H]2+, 886.4209 
calcd. for C121H103BN10O4. 
 




diethyl-5-(para-methylbenzoyl)-BODIPY (4). To a solution of BODIPY-diporphyrin 3 
(50.0 mg, 28 µmol) in 10 mL of CH2Cl2 was added a methanolic solution of 
Zn(OAc)2.2H2O (24.0 mg, 109 µmol)) and sodium acetate (20.0 mg, 243 µmol) and the 
mixture was heated under reflux for 2 hours. The reaction was monitored by TLC, UV-
visible and MALDI/TOF mass spectrometry. After cooling to room temperature, the 
reaction mixture was washed three times with water (10 mL), dried over magnesium 
sulphate and filtered. The title compound 4 was obtained in almost quantitative yield as a 
purple solid (53.0 mg, 28 µmol) after re-crystallization in a CH2Cl2/heptane mixture. Mp 
> 300 °C. UV/Vis (CH2Cl2): λmax (nm) (ε x 10-3 L mol-1 cm-1) = 422.0 (810), 529.0 (56), 
590.0 (6). 1H NMR (CDCl3, 298 K): δ (ppm) = 1.07 (t, J = 7.4 Hz, 6H), 1.44 (s, 6H), 2.44 
(q, J = 7.4 Hz, 4H), 2.69 (s, 18H), 2.90 (s, 6H), 3.97 (s, 3H), 4.58 (s, 4H), 7.54 (d, J =  7.9 
Hz, 12H), 7.64 (d, J = 8.4 Hz, 2H), 7.67 (d, J = 8.0 Hz, 4H), 8.09 (d, J =  7.9 Hz, 12H), 
8.11 (d, J = 8.0 Hz, 4H,), 8.23 (d, J = 8.4 Hz, 2H), 8.94 (s, 16H). 13C NMR (CDCl3, 75 
MHz, 298 K): δ (ppm) = 12.1, 13.2, 14.9, 17.3, 21.5, 29.7, 52.4, 64.8, 121.1, 126.1, 127.3, 
129.1, 131.8, 134.1, 137.0, 139.9, 140.1, 150.3. MS (MALDI-TOF): m/z = 1895.28 
[M+H]+, 1895.66 calcd. for C121H100BN10O4Zn2. HR-MS (ESI): m/z = 1917.6396 




Supporting Information: 1H, 13C NMR spectra and mass spectra (HR-MS) of 
compounds 1-4 (Figures S1-S12). Absorption spectra of 1, ZnTPP and 4 in Me-THF, at 
298K (Figure S13). Absorption spectra of 1, 2 and 3 in Me-THF, at 298K (Figure S14). 
Emission spectra of 4, 1, and ZnTPP in Me-THF, at 298K (Figure S15). Emission spectra 
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! La$ méthode$ de$ OEfonctionnalisation$ a$ permis$ d’introduire$ facilement$ deux$ dérivés$
porphyriniques$ sur$ le$ BODIPY$ avec$ de$ bons$ rendements$ de$ réaction.$ De$ plus,$ le$ OE
BODIPY$ ainsi$ formé$ a$ résisté$ aux$ conditions$ utilisées$ pour$ la$ métallation$ des$ deux$
porphyrines.$$
$
! Dans$ les$deux$systèmes$d’antenne$élaborés$(3$et$4)$ la$vitesse$de$transfert$d’énergie$
est$ relativement$ basse$ en$ comparaison$ à$ d’autres$ systèmes$ BODIPYEporphyrine$
similaires$ décrits$ dans$ la$ littérature.189,190$ Notons$ que$ les$ systèmes$ d’antenne$ pour$
lesquels$ les$ bras$ espaceurs$ reliant$ les$ chromophores$ sont$ rigides$ présentent$
classiquement$ des$ vitesses$ de$ transfert$ d’énergie$ plus$ faibles$ que$ lorsqu’un$ espaceur$








réactive$ en$ position$ meso.$ Elle$ pourrait$ être$ utilisée$ pour$ l’introduction$ de$ divers$
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des$ porphyrines.$ Différents$ systèmes$ d'antennes$ entre$ divers$ chromophores$ et$ des$
porphyrines$ ont$ été$ précédemment$ décrits$ par$ cette$ équipe.189,191$ La$ porphyrine$ 2$
(monohydroxyméthyltétraphénylporphyrine)$a$été$synthétisée$au$cours$des$travaux$de$
doctorat$ d'Antoine$ Eggenspiller.$ Antoine$ a$ également$ réalisé$ la$ synthèse$ et$ la$
caractérisation$des$deux$ systèmes$BODIPYEdiporphyrines$décrits$dans$ cet$ article$ainsi$
que$ du$ composéEmodèle$ 1.$ $ Mon$ rôle$ dans$ ces$ travaux$ a$ été$ de$ synthétiser$ et$ de$
caractériser$le$BODIPYEester$précurseur,$et$de$réaliser$la$caractérisation$photophysique$
des$différents$composés$décrits$dans$cet$article.$
Concernant$ la$ rédaction$ de$ l'article,$ j'ai$ participé$ à$ la$ rédaction$ des$ différentes$
parties$ de$ l'article$ III,$ avec$ une$ contribution$ principale$ pour$ la$ rédaction$ de$ la$ partie$
photophysique.$ Pierre$ D.$ Harvey,$ Antoine$ Eggenspiller,$ Claude$ Gros,$ Christine$ Goze,$








Les$ corroles$ sont$ des$macrocycles$ comportant$ quatre$ unités$ pyrroliques$ et$ qui$
diffèrent$ des$ porphyrines$ de$ par$ la$ présence$ d’une$ liaison$ directe$ pyrroleEpyrrole$
(Figure$ $ 60).$ Ils$ ont$ été$ décrits$ pour$ la$ première$ fois$ en$ 1965,$ leur$ préparation$















(Mn,$Rh,$Fe)198,199.$Les$corroles$de$ silicium$ont$également$été$étudiés$pour$ la$ thérapie$
photodynamique$tandis$que$les$corroles$de$gallium,$qui$possèdent$une$forte$cytotoxicité,$
ont$ été$ étudiés$ comme$ agents$ de$ détection$ et$ d’élimination$ de$ tumeurs.200,201$
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possèdent$ une$ grande$ affinité$ visEàEvis$ des$ protéines,$ notamment$ de$ la$ sérum$
albumine,202$ et$ que$ des$ moyens$ permettant$ leur$ hydrosolubilisation$ ont$ été$
décrits.203Ajoutons$enfin$que$des$applications$concernant$la$conversion$d’énergie$solaire$
en$ électricité$ ont$ également$ été$ décrites$ pour$ des$ corroles$ de$ gallium(III)$ et$
d’étain(III).204,205$
Les$ multiples$ applications$ des$ corroles206$ s’expliquent$ non$ seulement$ par$ la$
grande$ diversité$ de$métaux$ pouvant$ être$ stabilisés$ par$ le$macrocycle,$mais$ aussi$ par$
leurs$ bonnes$ propriétés$ photophysiques.$ Par$ rapport$ aux$ porphyrines,$ les$ profils$






Il$ existe$ peu$ d’exemples$ dans$ la$ littérature$ de$ systèmes$multichromophoriques$
composés$de$corrole.$La$majorité$d’entre$eux$associent$une$porphyrine$à$un$corrole.$Les$
travaux$les$plus$complets$dans$ce$domaine$ont$été$réalisés$par$les$groupes$de$R.$Guilard$
et$ P.$ D.$ Harvey.191$ Des$ systèmes$ porphyrineEcorrole$ cofaciaux$ (avec$ les$ systèmes$ πE
aromatiques$ face$à$ face)$complexant$différents$métaux$ont$été$élaborés$;$ la$Figure$ $61$
montre$l’un$d’entre$eux.$L’intérêt$de$ces$composés$est$de$pouvoir$contrôler$la$distance$
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D’autres$ systèmes$ porphyrineEcorrole$ utilisent$ la$ position$ apicale$ du$ métal$ au$
centre$du$corrole$pour$former$la$liaison$avec$la$porphyrine.$C’est$notamment$le$cas$du$
système$développé$R.$Guilard,$P.$D.$Harvey$et$coll.$dans$ lequel$une$ liaison$métalEmétal$

















La$ Figure$ $ 64$ montre$ un$ exemple$ de$ système$ trichromophorique$ corroleE
bispophyrine$élaboré$par$ le$groupe$de$Campagna.211$Un$ transfert$d’énergie$du$corrole$
vers$ les$deux$porphyrines$est$mis$en$évidence$pour$ce$système$(kET$(298K)$=$8$(ns)E1).$
En$ appliquant$ la théorie$ du$ transfert$ d’énergie$ par$ résonance$ de$ type$ Förster$ (FRET)$
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fonctionnalisés$ par$ des$ dérivés$ du$ naphtalène.$ L’exemple$ donné$ dans$ la$ Figure$ $ 65$




























D’autres$ chromophores$ ont$ également$ été$ liés$ à$ des$ corroles.$ De$ ces$ rares$
travaux,$ il$ faut$ citer$ les$ systèmes$ corroleEcoumarine$ élaborés$ par$ le$ groupe$ de$
Flamigni213,$ ainsi$ que$ les$ systèmes$ corroleEfullerène$ élaborés$ par$ le$ groupe$ de$
D’Souza.214$
$






Dans$ l’article$ IV,$ nous$ présentons$ la$ synthèse$ et$ l’étude$ photophysique$ de$
plusieurs$systèmes$associant$un$corrole$de$gallium$à$différents$BODIPY$présentés$dans$











































La$ direction$ du$ transfert$ d’énergie$ singuletEsingulet$ au$ sein$ de$ systèmes$
multichromophoriques$ à$ base$ de$ corrole$ de$ gallium(III)$ et$ de$ BODIPY$ peut$ aisément$
être$modulée$en$fonction$du$nombre$de$groupes$styryles$portés$par$le$BODIPY$(corrole$
de$ gallium(III)*→BODIPY$ sans$ groupement$ styryle,$ BODIPY*→corrole$ de$ gallium(III)$
pour$ deux$ groupements$ styryles$ et$ les$ deux$ directions$ pour$ un$ seul$ groupement$
styryle).$Dans$le$cas$où$le$corrole$de$gallium$et$le$BODIPY$sont$respectivement$donneur$
et$ accepteur,$ le$ taux$ de$ transfert$ d’énergie$ est$ deux$ fois$ plus$ important$ que$ dans$ les$
deux$ autres$ situations.$ En$ utilisant$ la$ théorie$ du$ transfert$ d’énergie$ par$ résonance$ de$












Slow and fast singlet energy transfers in BODIPY-
gallium(III)corrole dyads linked by flexible chains 
 
Bertrand Brizet,a,b Nicolas Desbois,a Antoine Bonnot,b Adam Langlois,b Adrien 
Dubois,a Jean-Michel Barbe,a Claude P. Gros,a* Christine Goze,a* Franck Denata 
and Pierre D. Harveyb* 
 
 
[a] Institut de Chimie Moléculaire de l’Université de Bourgogne, Université de Bourgogne, France.  











Synopsis. The direction of the singlet energy transfer in gallium(III)corrole-containing 
dyads can easily be reversed by putting no (BODIPY*→gallium(III)corrole), one (both 
directions) or two styryl groups (gallium(III)corrole*→ BODIPY) on BODIPY. The rates 
of energy transfer in the latter case are one order of magnitude larger than the former. 
Based on the Förster Resonance Energy Transfer theory (FRET), the dominant parameter 
explaining this difference is the J-integral (spectral overlap of the donor fluorescence with 
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Red (no styryl), green (monostyryl) and blue (distyryl)-BODIPY-gallium(III) 
corrole dyads have been prepared in high yields using click chemistry, and their 
photophysical properties are reported. An original and efficient control of the direction of 
the singlet energy transfers is reported, going either from BODIPY to the gallium-corrole 
units or from gallium-corroles to BODIPY, depending upon the nature of the substitution 
on BODIPY. In one case (green), the both directions were found possible. The mechanism 
for the energy transfers is interpreted by means of through space Förster Resonance 




Efforts have recently been devoted for the design of porphyrin-BODIPY dyads 
acting mainly as light harvesting antennas for the photochemical conversion of solar 
energy.1 In almost all reported examples, the role of the BODIPY unit was to essentially 
fill the blue-green region of the visible spectrum where porphyrins absorb weakly (i.e. 
between the Soret and Q-bands). Indeed, increasing the number of chromophore 
molecules can contribute to cover absorption in the entire visible spectrum resulting e.g. 
in a panchromatic light capture. In this respect, other recent developments on porphyrin-
BODIPY dyad indeed focused on a novel broad-band capturing and emitting system 
useful for solar energy harvesting.2  
Concurrently, our group explored over the few years the chemistry of corrole 
macrocycles, akin to porphyrins but with one meso carbon atom less in their outer 
periphery.3 Literature investigations show that the insertion of gallium(III) into the corrole 
macrocycle can efficiently enhance their fluorescence intensity.4 This property is of prime 
importance for potential use of corroles in medicinal applications5 and photophysics6 
particularly as fluorescent probes. This feature becomes even more appealing if these 
corrole macrocycles are incorporated into polychromophoric arrays. The first corrole 
gallium(III) complex as well as its X-ray structure were reported by Gross et al.7 The 
metallation of the corrole free base by GaCl3 was shown to be convenient and preceded in 
almost quantitative yields.  
Recently, we reported the synthesis and spectroscopic characterization of new zinc 
porphyrin-BODIPY dyads, exhibiting efficient singlet energy transfers. In one case, 
energy transfer occurs from BODIPY to the porphyrin8 whereas, in the case of blue π-
conjugated BODIPY-zinc porphyrin tweezers, the energy transfer occurs in the opposite 
direction e.g. from the photoexcited singlet zinc porphyrin to the π-conjugated BODIPY 
moiety of the composites as compared to energy transfer from the singlet excited state of 
conventional BODIPY to zinc porphyrins.9  
We now report the synthesis and spectroscopic characterization of new covalently 
linked red (no styryl), green (styryl-monosubstituted) and blue (styryl-disubstituted)-
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BODIPY-gallium(III) corrole derivatives bridged by triazole linkers (Chart 1; see the real 
color of the solutions in Figure S1). To the best of our knowledge, no previous example of 
a corrole macrocycle covalently linked to BODIPY has been reported. Noteworthy, an 
original and efficient control of the direction of the singlet energy transfers is herein 
reported e.g. from BODIPY to the gallium-corrole units or from gallium-corroles to 
BODIPY, depending upon the nature of the BODIPY (blue, green or red). 























































































Materials. Unless otherwise stated, all chemicals and solvents were of analytical reagent 
grade and used as received. Absolute dichloromethane was obtained from Carlo Erba. 
Silica gel (Merck; 70-120 mm) was used for column chromatography. Analytical thin-
layer chromatography was performed with Merck 60 F254 silica gel (precoated sheets, 0.2 
mm thick). Reactions were monitored by thin-layer chromatography, UV/Vis 
spectroscopy and MALDI/TOF mass spectrometry. 
 
Instrumentation. The 1H, 11B and 13C NMR spectra were recorded at room temperature 
on a Bruker Avance II 300 (300 MHz) or on a Bruker Avance DRX 600 (600 MHz) 
spectrometer at the “Welience, Pôle Chimie Moléculaire de l'Université de Bourgogne 
(WPCM)”. Chemical shifts (1H NMR spectra) are expressed in ppm relative to chloroform 
(7.26 ppm) or pyridine (7.22, 7.58, 8.74). UV–visible spectra were recorded on a Varian 
Cary 300 Bio spectrophotometer. Mass spectra and accurate mass measurements (HR-
MS) were obtained on a Bruker Daltonics Ultraflex II spectrometer in the MALDI/TOF 
reflectron mode using dithranol as a matrix or on a LTQ Orbitrap XL (THERMO) 
instrument in ESI mode. Both measurements were registered at “Welience, Pôle Chimie 
Moléculaire de l'Université de Bourgogne (WPCM)”. The steady-state fluorescence 
emission and excitation spectra were obtained on a Fluorolog SPEX 1680 0.22m double 
monochromator spectrometer using quartz cuvettes (1 cm, 3 mL). All fluorescence spectra 
were corrected for apparatus response. Fluorescence lifetimes were measured on an 
apparatus incorporating a nitrogen laser as the source and a high-resolution dye laser 
(fwhm = 1.4 ns). Fluorescence lifetimes were obtained from high-quality decays and 
deconvolution or distribution lifetime analysis. The uncertainties ranged from 20 to 40 ps 
on the basis of multiple measurements. 
 
Quantum Yield Measurements. Measurements were performed in distillated 2-MeTHF 
and spectrophotometric grade methanol (Aldrich) was used for references. Quartz cuvettes 
of 3 mL with path length of 1 cm equipped with a septum were used, and all solutions 
were Ar-degassed prior to measurements. Three different measurements (i.e., different 
solutions) were performed for each quantum yields. The sample concentrations were 
chosen to obtain an absorbance of about 0.05. The fluorescence quantum yield (ΦF) 
measurements were performed with the slit width of 0.5-1.5 nm for both excitation and 
emission. Relative quantum efficiencies were obtained by comparing the areas under the 
corrected emission spectra of the sample relative to a known standard and the following 
equation was used to calculate quantum yield. ΦF(sample)= ΦF(standard) (Isample/Istandard) 
(Astandard/Asample) (ηsample2/ηstandard2) where ΦF(standard) is the reported quantum yield of the 
standard, I is the integrated emission spectrum, A is the absorbance at the excitation 
wavelength and η is the refractive index of the solvents used. Rhodamine 6G (ΦF = 0.94 
in methanol),10 Cresyl Violet (ΦF = 0.54 in methanol),11 and Rhodamine 101 (ΦF = 1.00 in 
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methanol)12 were used as standards.13 In all ΦF determinations, correction for the solvent 
refractive index (η) was applied (2-MeTHF: η = 1.406, methanol: η = 1.328).14  
 
DFT Calculations. All computer modeling have been performed using the density 
functional theory (DFT) performed with Gaussian 0915 at the Université de Sherbrooke 
with the Mammouth supercomputer supported by “Le Réseau Québécois De Calculs 
Hautes Performances”. The DFT geometry optimizations16 were carried out using the 
B3LYP method. A 6-31g* basis set was used for C, H, N and F atoms. VDZ (valence 
double ζ) with SBKJC effective core potential was used for B, Ga atoms.17  
 
Synthesis. 10-(4-Azidomethylphenyl)-5,15-dimesitylcorrole gallium(III)(pyridine) 
(1). 10-(4-Azidomethylphenyl)-5,15-dimesitylcorrole3a (50.0 mg, 0.075 mmol) was added 
to a solution of GaCl3 0.114 M in dry pyridine (6.6 mL, 0.75 mmol). The reaction mixture 
was stirred to reflux for 1 h 30, shielded from light. The solvent was removed and the 
crude product was purified by column chromatography over silica (pentane-
dichloromethane-pyridine, 100:30:0.5). The title compound 1 was isolated as a purple 
microcrystalline solid in 69% yield (42.0 mg, 0.052 mmol). 1H NMR (300 MHz, CDCl3) δ 
(ppm): 1.88 (s, 12H, CH3), 2.61 (s, 6H, CH3), 3.58 (m, 2H, HPy), 4.66 (s, 2H, CH2), 5.97 
(m, 2H, HPy), 6.76 (t, 1H, J = 7.8 Hz, HPy), 7.26 (s, 4H, HMes), 7.63 (d, 2H, J = 8.1 Hz, 
HPh), 8.16 (d, 2H, J = 8.1 Hz, HPh), 8.55 (m, 4H, Hβ), 8.62 (d, 2H, J = 4.5 Hz, Hβ), 9.01 (d, 
2H, J = 3.9 Hz, Hβ). UV-visible (2-MeTHF): λmax (nm) (ε x 10-3 L mol-1 cm-1) = 418 
(206), 527 (7), 566 (13), 599 (26).  MS (MALDI-TOF) m/z = 731.03 [M-Pyridine]+, 
731.23 calcd for C44H36GaN7. HR-MS (ESI) m/z = 731.2263 [M-Pyridine]+, 731.2283 
calcd for C44H36GaN7. 
 
Compound 2. N-Hydroxybenzotriazole (959 mg, 7.10 mmol), diisopropylamine (995 μl, 
7.10 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (1.35 g, 
7.10 mmol) and propargylamine (227 µL, 3.50 mmol) were successively added to a 
solution of BODIPY acid18 (1.53 g, 3.50 mmol) in 100 mL of dimethylformamide and the 
solution was stirred at room temperature. After total consumption of starting 
material (2 h) monitored by TLC, the solvent was evaporated. The resulting solid was 
washed with water (3x100 mL) and extracted with dichloromethane. The organic layer 
was dried over magnesium sulfate and the solvent was evaporated to give a red oil. The 
crude product was purified by column chromatography on silica gel 
(dichloromethane/heptane 60:40) followed by a recrystallization in a mixture of 
dichloromethane and hexane to give a reddish solid in 72% yield (1.15 g, 2.49 mmol). 1H 
NMR (300 MHz, CDCl3) δ (ppm): 0.96 (t, J = 7.5 Hz, 6H), 1.22 (s, 6H), 2.29 (q, 
J = 7.5 Hz, 4H), 2.30 (t, J = 2.5 Hz, 1H), 2.51 (s, 6H), 3.78 (dd, J = 2.5 Hz, J = 5.2 Hz, 
2H), 6.27 (t, J = 5.2 Hz, 1H), 7.38 (d, J = 8.4 Hz, 2H), 7.91 (d, J = 8.4 Hz, 2H). 13C NMR 
(75 MHz, CDCl3) δ (ppm): 11.9, 12.5, 14.6, 17.1, 30.9, 72.1, 79.3, 127.8, 128.9, 130.4, 
133.1, 134.0, 138.1, 138.5, 139.7, 154.3, 166.2. 11B NMR (192.5 MHz, CDCl3) δ (ppm): 
0.78 (t, J = 33.4 Hz). UV-visible (2Me-THF) λmax (nm) (ε x 10-3 L mol-1 cm-1): 238 (39), 
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494 (27), 525 (90). MS (ESI) m/z = 460.39 [M+H]+, 484.34 [M+Na]+. HRMS (ESI) 
484.23559 calcd for C27H30BF2N3ONa 484.23470. 
 
Compound 3. Compound 2 (100 mg, 0.22 mmol) and p-anisaldehyde (106 μL, 0.870 
mmol) were dissolved in a mixture of dry toluene (40 mL), p-toluenesulfonic acid (PTSA, 
6.0 mg, 0.035 mmol) and piperidine (752 μL, 7.60 mmol). The mixture was refluxed 
during 2 h in a Dean-Stark apparatus and the solvent was removed in situ. 40 mL of dry 
toluene and 750 μL of piperidine were added and the mixture was refluxed for another 
2 h. After total consumption of the starting material (monitored by UV-Vis), the solvent 
was evaporated. The resulting solid was washed with water (3x100 mL) and extracted 
with dichloromethane. The organic layer was dried over magnesium sulfate and the 
solvent was evaporated to give a blue solid. The crude product was purified by column 
chromatography on silica gel (heptane/CH2Cl2 80 : 20) followed by a recrystallization in a 
mixture of dichloromethane and hexane to give a blue solid in  36% yield (55.0 mg, 78.8 
µmol). 1H NMR (300 MHz, CDCl3) δ (ppm): 1.14 (t, J = 7.5 Hz, 6H), 1.28 (s, 6H), 2.32 
(t, J = 2.5 Hz, 1H), 2.58 (q, J = 7.5 Hz, 4H), 3.84 (s, 6H), 4.30 (dd, J = 2.5 Hz, J = 5.2 Hz, 
2H), 6.36 (t, J = 5.2 Hz, 1H), 6.93 (d, J = 8.7 Hz, 4H), 7.20 (d, J = 16.7 Hz, 2H), 7.43, (d, 
J = 8.3 Hz, 2H), 7.56 (d, J = 8.7 Hz, 4H), 7.65 (d, J = 16.7 Hz, 2H), 7.93 (d, J = 8.3 Hz, 
2H). 13C NMR (75 MHz, CDCl3) δ (ppm): 11.8, 14.1, 18.4, 55.4, 72.2, 79.3, 114.3, 127.8, 
128.9, 129.4, 130.3, 132.5, 133.9, 134.1, 135.8, 136.1, 138.3, 140.1, 150.9, 160.3, 166.3. 
11B NMR (192.5 MHz, CDCl3) δ (ppm): 1.23 (t, J = 34.2 Hz). UV-visible (2-MeTHF): 
λmax (nm) (ε x 10-3 L mol-1 cm-1): 250 (21), 334 (31), 368 (68), 608 (37), 654 (93). MS 
(ESI): m/z = 720.35 [M+Na]+. HRMS (ESI) 720.32039 calcd for C43H42BF2N3O2Na 
720.31869. 
 
Compound 6. BODIPY ester18a (200 mg, 0.46 mmol) and 4-(prop-2-yn-1-
yloxy)benzaldehyde (73.0 mg, 0.460 mmol) were dissolved in a mixture of dry toluene 
(20 mL), p-toluenesulfonic acid (PTSA, 50.0 mg, 0.290 mmol) and piperidine (989 μL, 
10.0 mmol). The mixture was refluxed during 2 h in a Dean-Stark apparatus. The solvent 
was removed in situ, 10 mL of dry toluene and 73 mg of 4-(prop-2-yn-1-
yloxy)benzaldehyde was added. Mixture was refluxed for another 1 h and solvent was 
removed. This step was repeated 5 times. After total consumption of starting material 
(monitored by UV-visible), the solvent was evaporated. The resulting solid was washed 
with water (3 x 50 mL) and extracted with dichloromethane. The organic layer was dried 
over magnesium sulfate and the solvent was evaporated to give a blue solid. The crude 
product was purified by column chromatography on silica gel (dichloromethane/heptane 
50:50) followed by a recrystallization in a mixture of dichloromethane and hexane to give 
6 (133 mg, 184 µmol) in 40 % yield as blue solid. 1H NMR (300 MHz, CDCl3) δ (ppm): 
1.13 (t, J = 7.6 Hz, 6H), 1.28 (s, 6H), 2.53 (t,  J = 2.4 Hz, 2H), 2,58 (q, J = 7.6 Hz, 4H), 
3.97 (s, 3H), 4.73 (d, J = 2.4 Hz, 4H), 7.01 (d, J = 8.8 Hz, 4H), 7.20 (d, J = 16.6 Hz, 2H), 
7.42 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.8 Hz, 4H), 7.66 (d, J = 16.6 Hz, 2H), 8.20 (d, 
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J = 8.2 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ (ppm): 10.7, 13.0, 17.4, 51.4, 54.9, 74.7, 
77.3, 114.2, 117.5, 127.8, 128.1, 129.3, 129.6, 130.1, 131.5, 133.0, 134.6, 137.4, 140.8, 
149.8, 151.2, 157.1, 165.6. UV-visible (2-MeTHF): λmax (nm) (ε x 10-3 L mol-1 cm-1) = 
255 (21), 332 (31), 366 (63), 428 (11), 604 (36), 654 (85). 11B NMR (192.5 MHz, CDCl3) 
δ (ppm): 1.20 (t, J = 34.6 Hz). MS (ESI): m/z = 745.30 [M+Na]+. HRMS (ESI) 745.30308 
calcd for C45H41BF2N2O4Na 745.30273. 
 
Compound 7. BODIPY ester18a (1.10 g, 2.51 mmol) and 4-(prop-2-yn-1-
yloxy)benzaldehyde (442 mg, 2.76 mmol) were dissolved in a mixture of dry toluene 
(50 mL), p-toluenesulfonic acid (PTSA, 53.0 mg, 0.308 mmol) and piperidine (3.3 mL, 
33 mmol). The mixture was refluxed during 2 h in a Dean-Stark apparatus and the solvent 
was removed in situ. 50 mL of dry toluene and 3 mL of piperidine were added and the 
mixture was refluxed for another 2 h. After consumption of approximately a third of 
starting material (monitored by UV-visible), the solvent was evaporated. The resulting 
solid was washed with water (3 x 100 mL) and extracted with dichloromethane. The 
organic layer was dried over magnesium sulfate and the solvent was evaporated to give a 
blue solid. The crude product was purified by column chromatography on silica gel 
(dichloromethane/heptane 40:60) followed by a recrystallization in a mixture of 
dichloromethane and hexane to give 7 (73.0 mg, 125 µmol) in 5% yield. Compound 6 was 
also obtained as subproduct in 3 % yield. 1H NMR (300 MHz, CDCl3) δ (ppm): 0.97 (t, 
J = 7.5 Hz, 3H), 1.12 (t, J = 7.5 Hz, 3H), 1.25 (s, 3H), 1.27 (s, 3H), 2.29 (q, J = 7.5 Hz, 
2H), 2.52 (t, J = 2.4 Hz, 1H), 2.56 (s, 3H), 2.56 (q, J = 7.5 Hz, 2H), 3.97 (s, 3H), 4.71 (d, 
J = 2.4 Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H), 7.16 (d, J = 16.8 Hz, 1H), 7.41 (d, J = 8.3 Hz, 
2H), 7.54 (d, J = 8.8 Hz, 2H), 7.60 (d, J = 16.8 Hz, 1H), 8.16 (d, J = 8.3 Hz, 2H). 13C 
NMR (75 MHz, CDCl3) δ (ppm): 11.8, 12.1, 13.0, 14.3, 14.7, 17.3, 17.5, 18.5, 52.6, 56.1, 
75.9, 78.6, 115.4, 118.6, 128.8, 129.1, 130.5, 130.9, 131.3, 131.6, 133.4, 134.0, 135.1, 
138.0, 141.1, 150.0, 155.8, 158.2, 166.8. 11B NMR (192.5 MHz, CDCl3) δ (ppm): 0.98 (t, 
J = 33.8 Hz). UV-visible (2-MeTHF): λmax (nm) (ε x 10-3 L mol-1 cm-1) = 238 (19), 319 
(17), 339 (29), 389 (8), 448 (27), 587 (81). MS (ESI): m/z = 603.4 [M+Na]+. HRMS (ESI) 
603.26233 calcd for C35H35BF2N2O3Na 603.26071.  
 
General procedure for the Huisgen reaction. 10-(4-Azidomethylphenyl)-5,15-
dimesityl-corrole gallium(III)(pyridine) (30.0 mg, 37.0 µmol or 60.0 mg, 74.0 µmol for 
preparation of compound 8) and BODIPY alkyne (37.0 µmol) were solubilized in 5 mL of 
THF. CuI (10.5 mg, 55.1 µmol or 21.0 mg, 110 µmol for preparation of compound 8) and 
N,N-diisopropylethylamine (DIPEA) (14.0 µL, 148 µmol) were added. The mixture was 
stirred under N2 at RT for 3 h. The crude mixture was evaporated to dryness. Then 20 mL 
of water was added. The compound was extracted with dichloromethane (3 x 20 mL). The 
collected organic solution was dried over MgSO4 and the solvent was removed under 
reduced pressure. The product was recrystallized from CH2Cl2-Hexane. 
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Compound 4. The title compound was isolated as a purple microcrystalline solid in 96% 
yield (45.0 mg, 35.4 µmol). 1H NMR (300 MHz, Pyridine-d5) δ (ppm): 0.84 (m, 6H, CH3), 
1.20 (s, 6H, CH3), 2.13 (m, 16H, CH2, CH3), 2.62 (s, 6H, CH3), 2.70 (s, 6H, CH3), 5.25 (d, 
2H, J = 5.1 Hz, CH2N), 6.05 (s, 2H, CH2),  7.38 (m, 6H, Hmes, HPh), 7.49 (s, 1H, Htriazole), 
7.76 (d, 2H, J = 7.8 Hz, HPh), 8.20 (d, 2H, J = 8.1 Hz, HPh), 8.46 (d, 2H, J = 8.1 Hz, HPh), 
8.79 (m, 4H, Hβ), 8.88 (d, 2H, J = 4.5 Hz, Hβ), 9.25 (d, 2H, J = 3.9 Hz, Hβ), 10.07 (m, 1H, 
NH). UV-visible (2-MeTHF): λmax (nm) (ε x 10-3 L mol-1 cm-1) = 419 (150), 525 (80), 567 
(13), 600 (21). MS (MALDI-TOF) m/z = 1173.46 [M-Pyridine-F]+, 1173.47 calcd for 
C71H66BFGaN10O. HR-MS (ESI) m/z = 1192.4762 [M-Pyridine]+, 1192.4744 calcd for 
C71H66BF2GaN10O. 
 
Compound 5. The title compound was isolated as a purple microcrystalline solid in 97% 
yield (54.0 mg, 35.8 µmol). 1H NMR (300 MHz, Pyridine-d5) δ (ppm): 1.04 (t, 6H, J = 7.2 
Hz, CH3), 1.24 (s, 6H, CH3), 2.11 (s, 12H, CH3), 2.56 (m, 10H, CH2, CH3), 3.65 (s, 6H, 
OCH3), 5.25 (d, 2H, J = 5.1 Hz, CH2N), 6.04 (s, 2H, CH2), 6.91 (d, 2H, J = 8.7 Hz, HPh), 
7.37 (m, 6H, Hmes, HPh), 7.50 (m, 3H, Halkene, Htriazole), 7.71 (m, 6H, HPh), 8.19 (d, 2H, J = 
8.1 Hz, HPh), 8.29 (d, 2H, J = 16.5 Hz, Halkene), 8.47 (d, 2H, J = 8.1 Hz, HPh), 8.76 (m, 4H, 
Hβ), 8.86 (d, 2H, J = 4.5 Hz, Hβ), 9.23 (d, 2H, J = 3.9 Hz, Hβ), 10.08 (m, 1H, NH). 
UV/Vis (2-MeTHF): λmax (nm) (ε x 10-3 L mol-1 cm-1) = 368 (83), 419 (164), 605 (58), 
654 (96).  MS (MALDI-TOF) m/z = 1428.46 [M-Pyridine]+., 1428.56 calcd for 
C87H78BF2GaN10O3. HR-MS (ESI) m/z = 1428.5610 [M-Pyridine]+, 1428.5583 calcd for 
C87H78BF2GaN10O3. 
 
Compound 8. The title compound was isolated as a purple microcrystalline solid in 97% 
yield (84 mg, 35.8 µmol). 1H NMR (300 MHz, Pyridine-d5) δ (ppm): 1.09 (m, 6H, CH3), 
1.29 (2s, 6H, CH3), 2.13 (s, 24H, CH3), 2.61 (m, 16H, CH2, CH3), 3.94 (s, 3H, OCH3), 
5.48 (s, 4H, CH2), 6.07 (s, 4H, CH2), 7.29 (m, 4H, HPh), 7.37 (m, 8H, Hmes), 7.50 (m, 6H, 
Htriazole, Halkene, HPh), 7.76 (m, 6H, HPh, HPh), 8.34 (m, 10H, HPh, Halkene), 8.79 (m, 8H, Hβ), 
8.88 (d, 4H, J = 4.5 Hz, Hβ), 9.24 (d, 4H, J = 3.9 Hz, Hβ). UV/Vis (2-MeTHF): λmax (nm) 
(ε x 10-3 L mol-1  cm-1) = 372 (63), 419 (244), 568 (32), 602 (60), 658 (63). MS (MALDI-
TOF) m/z = 2165.76 [M-Pyridine-F]+, 2165.77 calcd for C133H113BFGa2N16O4. HR-MS 
(ESI) m/z = 1092.8895 [M-2Pyridine]2+, 1092.8832 calcd for C133H113BF2Ga2N16O4.  
 
Compound 9. The title compound was isolated as a purple microcrystalline solid in 96% 
yield (49.5 mg, 35.6 µmol). 1H NMR (300 MHz, Pyridine-d5) δ (ppm): 0.89 (t, 3H, J = 7.2 
Hz, CH3), 1.08 (t, 3H, J = 7.2 Hz, CH3), 1.32 (2s, 6H, CH3), 2.14 (m, 14H, CH2, CH3), 
2.63 (m, 8H, CH2, CH3), 2.77 (s, 3H, CH3), 3.93 (s, 3H, OCH3), 5.52 (s, 2H, CH2), 6.12 (s, 
2H, CH2), 7.35 (d, 2H, J = 8.4 Hz, HPh), 7.38 (m, 4H, Hmes), 7.50 (m, 4H, HPh, Halkene, 
Htriazole), 7.76 (d, 2H, J = 8.4 Hz, HPh), 7.81 (d, 2H, J = 8.1 Hz, HPh), 8.33 (m, 5H, Halkene, 
HPh), 8.80 (m, 4H, Hβ), 8.89 (d, 2H, J = 4.5 Hz, Hβ), 9.26 (d, 2H, J = 3.9 Hz, Hβ). UV/Vis 
(2-MeTHF): λmax (nm) (ε x 10-3 L mol-1 cm-1) = 340 (34), 418 (145), 591 (84). MS 
Chapitre III.3 : Transfert d’énergie dans des systèmes BODIPY-corolle 
 
 202$
(MALDI-TOF) m/z = 1292.51 [M-Pyridine-F]+, 1292.50 calcd for C79H71BFGaN9O3. HR-
MS (ESI) m/z = 1311.5018 [M-Pyridine]+, 1311.5004 calcd for C79H71BF2GaN9O3. 
Results and Discussion 
 
Synthesis. The azide-containing free base corrole (see starting product in Scheme 1) was 
prepared using the common “2+1” method.19 The preparation involves the condensation 
of an azidobenzyl aldehyde (1 equiv.) with a mesityldipyrromethane (2 equiv.) in the 
presence of a catalytic amount of trifluoroacetic acid (TFA, 0.08 equiv.) using 
dichloromethane as solvent. Sterically hindered mesityl-dipyrromethane was used in order 
to avoid any acidolysis that could occur during the cyclization reaction.  
Gallium(III) was inserted in the corrole cavity according to a literature procedure.7, 19 The 
inorganic salts were separated from the desired product by column chromatography on 
silica gel affording the (pyridine)gallium(III) corrole 1 in 69% yield (Scheme 1). The 
formation of the gallium-corrole 1 was monitored by MALDI-TOF mass spectrometry 
using the molecular peak at m/z = 731.2263 (731.2283 calcd for C44H36GaN7) which 
shows a characteristic isotopic pattern corresponding to [M-pyridine]+.. The coordination 
of one pyridine molecule to the gallium metal center was confirmed by 1H NMR 
spectroscopy. 
$
Scheme 1: Synthesis of gallium-corrole 1. 
 
Ethynyl-functionalized BODIPY 2 could easily be obtained by peptidic coupling 
between propargylamine and a BODIPY bearing a carboxylic group (generated from the 
methyl ester) in meso position as previously described in the literature.20 The coupling 
reagent we used (Scheme 1) was based on a carbodiimide (e.g. 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, EDCI.HCl) in the presence of 1-hydroxy-1H-
benzotriazole (HOBt) and N,N-diisopropylethylamine (DIPEA). The ethylenic proton 
exhibits a triplet (δ = 2.30, 4JA = 2.5 Hz) in CDCl3 1H NMR spectroscopy. The distyryl 
BODIPY 3 was synthetized using a reported method, which consists in a Knoevenagel 
condensation between 2 and four equivalents of p-anisaldehyde with p-toluenesulfonic 
acid (PTSA) and piperidine, in a Dean Stark apparatus, using dry toluene as the solvent.9 
Similarly, the di- and mono-styryl precursors 6 and 7 were respectively obtained 
using the same reaction, starting from carbomethoxy-meso-substituted BODIPY 
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derivative and 4-(prop-2-yn-1-yloxy)benzaldehyde. The reaction was monitored by UV-
visible spectroscopy in order to obtain the maximal quantity of monocondensation product 
7. Difficulties in purification and formation of dicondensation subproduct 6 explain the 
low yield of reaction for 7 (5 %). Nevertheless compound 6 can be obtained in good yield 
(40 %) by using a larger quantity of 4-(prop-2-yn-1-yloxy)benzaldehyde, as described in 
the experimental section.  
$
$
Scheme 2: Synthesis of 2, 3, 6 and 7. (i) HOBT, EDCI.HCl, DIPEA, 
propargylamine, DMF, RT; (ii) p-anisaldehyde, PTSA, piperidine, dry toluene, reflux; 
(iii) 4-(prop-2-yn-1-yloxy)-benzaldehyde, PTSA, piperidine, dry toluene, reflux. 
$
The Huisgen copper-catalyzed azide-alkyne cycloaddition, known as “click 
reaction”, 21 was used to efficiently link the BODIPY and the gallium-corrole subunits. 
Indeed, many reports have already mentioned the usefulness of the click chemistry for the 
elaboration of sophisticated structures involving mainly porphyrin as the backbone.9, 22 
We applied a recent methodology described for the preparation of tripod porphyrins.22 
The reaction, catalyzed by CuI/di(isopropyl)ethylamine (DIPEA), proceeds quantitatively 
in THF at room temperature for three hours (Schemes 3 and 4). All BODIPY-Ga(III)-
corroles were fully characterized by 1H NMR spectroscopy in pyridine-d5. HR-MS 
measurements were performed using an ESI-Orbitrap instrument to further confirm the 
successful formation of compounds 4-5 and 8-9. For example for compound 8, the 
molecular peak is observed at m/z = 2165.76 [M-Pyridine-F]+ in the MALDI-TOF spectra, 
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(2165.77 calcd for C133H113BFGa2N16O4) whereas by ESI HR-MS, the molecular peak 
appears at m/z = 1092.8895 [M-2Pyridine]2+ (1092.8832 calcd for C133H113BF2Ga2N16O4). 
$
$
Scheme 3:  Synthesis of 4 and 5. (i) CuI, DIPEA, THF, N2, RT. 
 
$
Scheme 4.  Synthesis of 8 and 9. (i) CuI, DIPEA, THF, N2, RT. 
 
Computer modeling. In order to address whether the possible conformations due to the 
flexibility of the chain are energetically accessible, geometry optimizations were 
performed by DFT computations on compounds 4 and 9. The results from these 
computations are presented in Figure 1. Only representative examples were necessary to 
illustrate that many conformations co-exist and are of various energies. The most stable 
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conformations for 4 (and 5 due to their strong structural similarity) are the unfolded 
conformations C - E differing by only the relative orientation of the C6H4CH2 group in the 
chain. Concurrently, the unfolded and semi-folded conformations D - F are noted to be the 
most stable ones for compound 9 but the semi-folded conformers B and C are only 1 
kJmol-1 destabilized with respect to the most stable ones. The folded conformer A is either 
too high in energy (4) or unstable (9). The conclusion is that many unfolded and semi-
folded conformers co-exist in solution, but the folded conformer A is simply not 
accessible for 4 and 9. 
 
$
Figure 1. Some optimized geometries of compounds 4 and 9 in various 
conformations, notably folded and unfolded, indicating the relative stabilization energies 
with respect to the lowest energy conformations arbitrarily set at 0. Conformation A for 9 
does not lead to any stable conformation upon geometry optimization. This conformation 
simply unfolds. 
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Electronic absorption spectra. Table 1 summarizes the UV−visible data for all 
compounds in 2-MeTHF. Compound 1 exhibits one Soret band at 418 nm and three Q 
bands at 527, 566 and 599 nm of the corrole chromophore.  Compounds 2, 3, 6, and 7 
exhibit bands characteristic of the BODIPY chromophore; the S0−S1 band at 525, 654, 
587 and 658 nm is assigned to spin-allowed π−π* transitions. Dyads 4, 5, 8 and 9 displays 
the expected corrole Soret band and Q-bands in addition to the BODIPY π−π* transitions. 
The absorption spectra of the dyads are simply the sum of the individual chromophores 
(gallium-corrole and BODIPYs) and do not show any new bands or broadening of the 
base peaks suggesting that electronic mixing between chromophores is minimal or 
nonexistent. The absorption spectra of gallium-corrole lack of any significant absorption 
intensity in the region from 450 to 520 nm, thus allowing for selective excitation of the 
BODIPY donor chromophore for the examination of energy transfer (ET) processes from 
red-BODIPY to gallium-corrole. Inversely, the absorption spectra of BODIPYs 3 and 6 
lack of any significant absorption intensity in the region from 460 to 550 nm, thus 
allowing for selective excitation of the gallium-corrole donor chromophore for the 
examination of ET processes from gallium-corrole to blue-BODIPY. 
$





λabs (max) (nm) (ε x 10-3 M-1cm-1) 
298 K 77 K 
Corrole BODIPY Corrole BODIPY 
Soret 
band 
Q Bands S1 Band Q Bands S1 Band 








2 - - 525 (89.5) - 492, 526 
3 - - 654 (92.8) - 614, 674 
4 419 (104) 566 (7.60) 
599 (21.9) 
525 (59.2) - - 
5 419 (164) 566 (16.8) 
607 (40.7) 
653 (66.6) - - 
6 - - 654 (85.1) - 612, 670 
7 - - 587 (81.2) - 550, 597 
8 419 (109) 567 (32.2) 
606 (34.5) 
657 (47.2) - - 
9 419 (137) - 591 (81.5) - - 
      
 
Steady-state fluorescence spectroscopy and lifetimes. Figure 2 shows the absorption, 
fluorescence and excitation spectra of gallium-corrole 1 and of the unfunctionalized (red), 
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mono- (green) and distyryl- (blue) BODIPYs precursors 2, 7 and 3. These spectra show 
that the introduction of conjugated styryl substituent on BODIPY induces a bathochromic 
shift of the absorption and fluorescence bands. Gallium-corrole 1 exhibits a strong 
fluorescence band at 612 nm and a weaker vibronic shoulder at 670 nm. The fluorescence 
quantum yield is 0.11. The BODIPYs 2, 3, 6 and 7 display an intense emission band at 
543, 681, 684 and 603 nm, respectively. 
$
 
Figure 2. Absorption (black), emission (red), and excitation (blue) spectra of gallium-
corrole  1 (A, λex = 540 nm, λem = 650 nm), and BODIPYs 2 (B, λex = 470 nm, 
λem = 590 nm), 3 (C, λex = 550 nm, λem = 750 nm), and 7 (D, λex = 510 nm, λem = 670 nm) 
in 2-MeTHF at 298 K. 
 
Figure 3 shows the absorption, fluorescence and excitation spectra of the 
bichromophoric species 4, 5, 8 and 9. Each dyad displays a fluorescence band near 
612 nm readily attributable to the fluorescence of the gallium(III)-corrole  unit and a 
luminescence band due to the BODIPY moiety either placed at higher energy (for 4; 
540 nm) or at lower energies (for 5 and 8; 675 and 676 nm, respectively) depending on 
the number of styryl groups present. For compound 9, only one band is observed at 
603 nm attributed to both the BODIPY and gallium(III)-corrole units (i.e. strong 
fluorescence superposition). Based on the fluorescence positions, the BODIPY 
chromophore can act as an energy donor (such as in 4) and the energy acceptor (such as in 
5 and 8). In compound 9, this role is not well defined when only based on these spectra. 
The excitation spectra of the arrays exhibit a perfect match with the absorption, 
confirming the efficient energy between the two chromophores, following an excitation of 
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the donor. However, the presence of two emission bands for the arrays (one for the corrole 
and one for the BODIPY) indicates that a part of the energy of the donor is not transferred 
to the acceptor, generating a residual emission attributed to the donor (cf Figure 3). 
 
$
Figure 3. Absorption (black), emission (red), and excitation (blue) spectra of dyad 4 (A, 
λex = 470 nm, λem = 670 nm), and 5 (B, λex = 550 nm, λem = 740 nm), 8 (C, λex = 550 nm, 
λem = 670 nm), and 9 (D, λex = 510 nm, λem = 670 nm) in 2-MeTHF at 298 K. 
 
The fluorescence data of all compounds at 298 and 77 K are summarized in Tables 
2 and 3. The model BODIPY compounds 2, 3, 6 and 7 exhibit high fluorescence quantum 
yields, ΦF, ranging between 0.42 for 3 and 0.76 for 7. The fluorescence lifetimes, τF, range 
from 4.64 ns for 2 to 7.03 ns for 3. Gallium(III)-corrole 1 displays a lower ΦF (i.e. ΦF = 
0.11, τF = 2.17 ns) with respect to BODIPY, consistent with the literature.23 The ΦF values 
of the dyads were determined using an excitation wavelength where the donor absorbs 
more bearing in mind that singlet-singlet energy transfer may occur and contribute to the 
observed intensity of the acceptor. However, these ΦF values turn out to be lower than that 
of their BODIPY (3) and gallium(III)-corrole (1) precursors (i.e. 0.016 for 8 and 0.093 for 
5) indicating that some additional non-radiative processes occur, namely internal 
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Table 2.  Fluorescence quantum yields, ΦF, and emission maxima. 
 
 
λem (max) (nm) 
 298 K 77 K 
dye ΦF Corrole BODIPY Corrole BODIPY 
1 0.11b 612, 670  616, 671  
2 0.59a  543  539, 569 
3 0.42c  681  696, 750 
4 0.036a, d 613, 667 540 616, 671 534, 565 
5 0.093c, d 613 675 608 680, 744 
6 0.44c  684  689, 744 
7 0.76b  603  611, 655 
8 0.016c, d 611 676 610 678, 742 
9 0.082b, d 613, 667  611, 668 651 
The quantum yields, ΦF, were measured in 2-MeTHF at 298 K, using rhodamine 6Ga (ΦF = 0.94 
in methanol), cresyl violetb (ΦF = 0.54 in methanol) and rhodamine 101c (ΦF = 1.00 in methanol) 
as references.10-11, 24 All Φ are corrected for changes in refractive index. 13 dTotal quantum yield 
(BODIPY and corrole). 
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1 527 612 2.2 ± 0.1 - 619 3.2 ± 0.1 - 
2 470 543 4.6 ± 0.1 - 540 9.7 ± 0.3 - 
3 550 681 6.3 ± 0.1 - 695 12.1 ± 0.3 - 
4 470 540 
0.7 ± 0.3 
(0.52) 
3.0 ± 0.1 
(0.48) 534 
1.7 ± 0.4 
(0.71) 
4.5 ± 0.6 
(0.29) 
613 1.9 ± 0.1 - 615 2.6 ± 0.1 - 
5 550 611 
0.2 ± 0.1 
(0.87) 
1.9 ± 0.1 
(0.13) 611 
0.5 ± 0.2 
(0.68) 
3.3 ± 0.1 
(0.32) 
675 3.6 ± 0.1 - 679 5.8 ± 0.1 - 
6 510 684 7.0 ± 0.1 - 690 11.9 ± 0.4 - 
7 510 603 5.4 ± 0.1 - 611 6.8 ± 0.1 - 
8 550 611 1.6 ± 0.1 - 610 2.8 ± 0.1 - 676 3.7 ± 0.2 - 678 5.0 ± 0.1 - 
9 510 613 1.8 ± 0.1 - 611 2.6 ± 0.1 - 667 3.8 ± 0.2 - 666 4.1 ± 0.1 - 
 
 
The fluorescence lifetimes (τF) of each dyad were measured separately at the 
fluorescence maxima of the gallium-corrole and the BODIPY chromophores at 298 and 
77K. Dyad 4 exhibits two emissions from the BODIPY (donor, 540 nm) and the gallium-
corrole unit (acceptor, 613 nm; τF = 1.9 ± 0.1 (298K), 2.6 ± 0.1 (77K)). In comparison 
with the model compound 1 (τF = 2.2 ± 0.1 (298K), 3.2 ± 0.1 (77K)) acting as the 
acceptor, the slight decrease in τF indicates the presence of a small non radiative process 
associated with the incorporation of the flexible chain also called “loose bolt” effect 
(which takes part in the internal conversion rate, kic).25 Its rate can be approximated by kLB 
= (1/τF(4-“Ga”)-(1/τF(1)) ~ 7.2 x 107 s-1 where τF(4-“Ga”) is the fluorescence lifetime of 
the acceptor chromophore (i.e. gallium-corrole) and τF(1) is the lifetime of the gallium-
corrole model compound. This estimation is relevant with regard to the added 
uncertainties in the evaluation of the slower rates of energy transfers below. Concurrently, 
the fluorescence decay of the BODIPY residue is biphasic in 4 (τF (in ns) = 0.7 ± 0.3 
(52%) and 3.0 ± 0.1 (48%) at 298K; 1.7 ± 0.4 (71%) and 4.5 ± 0.6 (29%) at 77K) which 
are both shorter than that measured for the BODIPY-containing model compound 2 (τF = 
4.6 ± 0.1 (298K) and 9.7 ± 0.3 (77K)). The short component is clearly faster than that for 
2 by ~ 6-7 folds and is consistent with the presence of an efficient energy transfer process 
(BODIPY*→gallium-corrole). This efficiency of energy transfer can be obtained from 
ETeff = ((1/τF)-(1/τF°))/(1/τF) and the data are placed in Table 4. This value is in the order 
of 85 and 82% at 298 and 77K, respectively, in this case. The presence of a second 
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component suggests that at least two conformations exist in solution associated with the 
possible folding and unfolding of the flexible chain. The possibility that the “loose bolt” 
effect contributes to the decrease in τF exists but the calculated rate (1/τF(4-“BODIPY”))-
(1/τF(2)) where τF(4-“BODIPY”) is the lifetime of the slow component of the BODIPY 
fluorescence decay gives a value (~1.2 x 108 s-1) that is only ~2 folds larger than the kLB 
evaluated for the gallium-corrole chromophore in 4 (i.e. ~ 7.2 x 107 s-1). Similarly, dyad 5 
exhibits a blue-BODIPY acting as the energy acceptor with τF (in ns) = 3.6 ± 0.1 (298K) 
and 5.8 ± 0.1 (77K). These values are also shorter than that for the model compound 3 (τF 
(in ns) = 6.3 ± 0.1 and 12.1 ± 0.3). The estimated kLB’s are 1.2 x 108 (298K) and 0.9 x 108 
s-1 (77K). This qualitative analysis indicates that the contribution of kLB in the dyads 
ranges from ~0.7 x 108 to ~1.2 x 108 s-1 and the conclusion is that the apparent 
deactivation rates evaluated for slow processes are most likely composed of two 
contributions, namely kET (rate of energy transfer) and kLB, and may be of comparable 
sizes. Table 3 summarizes all the τF data and can be separated into two categories: the 
flexible chain is placed near (2-5) or far (6-9) from the BF2 unit. The main reason for this 
separation is that the fluorescence decays of the donor exhibit a double exponential for 
compounds 4 and 5 (presumably due to a chain folding) but not in dyads 8 and 9. The 
flexible chains in these two series slightly differ by the presence of a (C=O)NH in the 
former sets instead of a -O- link used in the second series. 
 
Singlet energy transfer rates. The rate for energy transfer (i.e. kET) for each dyad was 
evaluated using the τF data placed in Table 3. The kET values are calculated using eq 1: 
 
where τF° and τF are respectively the fluorescence lifetimes of donor in the absence and 
presence of an acceptor. Thus, these values are extracted from the model compounds (2, 
3, 6, and 7) and dyads (4, 5, 8, 9), respectively. This method is more accurate than 
measuring the ΦF values for strongly overlapping fluorescence and absorption spectra as 
both the area under the corrected fluorescence spectrum and exact absorbance of the 
donor chromophore are not accessible with enough precision. The kET values are 
summarized in Table 4 and the values marked with * indicate that the value is most likely 
mixed with the “loose bolt” effect, kLB, and consequently the only reliable conclusion is 
that the energy transfer process is either inexistent or too slow to reliably access kET. 
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Table 4.  Energy transfer rates, kET, calculated with eq. 1 (2-MeTHF).a 
 
 kET (108 s-1) 
                   D*→A  298 K 77 K 
4       (red-BODIPY* → Cor)  12   (85%) 
1.2  (35%)* 
4.9  (82%) 
  1.2  (54%)* 
5       (Cor* → blue-BODIPY)  45   (91%) 
0.7  (13%)* 
17   (84%) 
no transfer 
8       (Cor* → blue-BODIPY)  1.7  (27%)*  0.4  (13%)* 
9    (green-BODIPY*→Cor)   (Cor*→green-BODIPY) 
 0.8  (30%)*  1.0  (40%)* 
 1.0  (18%)*  0.4  (12%)* 
a Cor = gallium-corrole chromophore. The values marked by a star indicate that they are most 
likely mixed with the “loose bolt” effect. No reliable value for kET can be extracted.  
 
 
Singlet energy transfer analysis. The Förster theory26 is used to interpret the 
experimental kET’s of the dyads 4, 5, 8, and 9. The calculated rates of energy transfer are 
obtained using eq 2:  
     kET = 8.8 x 10-25 κ2 kF°(D) ZJ     (2) 
        n4  r6 
                
where kF°(D) = ΦF°/τF°, k!!(D) = ϕ!!/τ!!with ΦF°ϕ!!  being the fluorescence quantum 
yield of the donor in the absence of the acceptor, r is the center-to-center donor-acceptor 
separation, n is the refractive index of the solvent (here 1.406), κ2 is an orientation factor 
describing the relative orientation of the electronic dipole moments of the associated 
transitions of the donor and acceptor (κ2 = (sinθDsinθAcosφ – 2cosθDcosθA)2; where θD and 
θA are the angles made by the donor-acceptor vector with the transition moment vector of 
the donor and acceptor, respectively). For both BODIPY and gallium-corrole units, the 
transition moment is oriented along the center of the chromophore towards Cmeso. J is the 
spectral overlap (∫FD(λ)εA(λ)λ4dλ/∫FD(λ)dλ, in mmol-1 cm6, also called the J integral) of 
the donor fluorescence spectra (FD(λ)) and the acceptor absorption profile (εA(λ)). Figure 
4 overlays the fluorescence spectra of the donors with the absorption spectra of the 
acceptors of the necessary model compounds building the dyads. For 9, the proximity of 
the absorption and fluorescence bands for both units makes J non-nil for both directions 
and should be considered. 




Figure 4.  Superposition of the normalized (A) absorption spectrum of 1 (ε: 27100 M-1 
cm-1) with the fluorescence band of 2, (B) absorption spectrum of 3 (ε: 92800 M-1cm-1) 
with the fluorescence band of 1, (C) absorption spectrum of 1 (ε: 27100 M-1cm-1) with the 
fluorescence band of 7, and (D) absorption spectrum of 7 (ε: 81200 M-1cm-1) with the 
fluorescence band of 1, all spectra in 2-MeTHF at 298K. The absorption and fluorescence 
spectra of the BODIPYs and gallium-corroles are respectively in red and blue. The 
overlaps are shaded in gray. Note that the folded conformation drawn for the dyads is only 
to make them fit within the graphs. 
 
The calculated values of J, kF°(D), structural parameters (r, φ, θD, θA), kET(cal) and 
kET(exp) for dyads 4, 5 and 9 (both directions) are placed in Table 5. In the absence of X-
ray structures, structural parameters were extracted from DFT calculations (B3LYP; 
geometry optimizations placed in Figure 1).  The J values compare favorably to that 
recently reported for a pyrene-BODIPY dyad (Figure 5).27 The calculated kET values are 
~2 to ~30 times larger than the experimental ones for 4 and 5. For compound 9, this ratio 
is larger but unreliable. This situation is not uncommon as it has been encountered before 
where a ratio kET(cal)/kET(exp) between 11 to 31 was noted.28 The main reason for this is 
that the Förster approach is considered an approximation.29 Nonetheless, comparisons are 
still possible. 
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Table 5. J, kF°(D), kET(cal) and kET(exp) for dyads 4, 5 and 9 (both directions) at 298 K.a-d 
 















kF° = 1.28 x108s-1 


























4C red-BODIPY*→Cor 55.7 120.5 67.7 1.5 18.7 272 12 23 
4D red-BODIPY*→Cor 88.0 97.3 58.1 0.3 21.1 26 12 2.2 




kF° = 0.50 x108s-1 


























5C Cor*→blue-BODIPY 55.7 120.5 67.7 1.5 18.7 1338 45 30 
5D Cor*→blue-BODIPY 88.0 97.3 58.1 0.3 21.1 128 45 2.8 




kF° = 0.67 x108s-1 























9C green-BODIPY*→Cor 98.9 148.0 50.3 0.1 17.5 27 0.8* 34* 
9D green-BODIPY*→Cor 56.9 113.4 26.2 2.4 22.3 153 0.8* 190* 
9E green-BODIPY*→Cor 94.2 149.9 32.6 0.4 17.1 125 0.8* 156* 




kF° = 0.50 x108s-1 

























9C Cor*→green-BODIPY 98.9 148.0 50.3 0.1 17.5 16 1.0* 16* 
9D Cor*→green-BODIPY 56.9 113.4 26.2 2.4 22.3 90 1.0* 90* 
9E Cor*→green-BODIPY 94.2 149.9 32.6 0.4 17.1 74 1.0* 74* 
9F Cor*→green-BODIPY 100.0 129.6 27.0 0.3 20.7 18 1.0* 18* 
a) Cor = gallium-corrole chromophore; cal = calculated, exp = experimental. J is in mmol-1cm6. 
b) kF°(D) = ΦF(D)/τF(D); these data are from Tables 2 and 3, respectively. 
c) The κ2 and r values result from the DFT computations (optimized geometries; Figure 1). 
d) The values marked with a star are unreliable due to the “loose bolt” effect (see text). 
 
 
One important issue is that the relative size of both kET(exp) and kET(cal) between 4 
and 5 (same flexible chain) and 9 (two directions, so same flexible chain) follow the same 
relative trend. Indeed, both kET(cal) and kET(exp) are ~5 times larger for compound 5 than 
those for 4. This comparison indicates that the dominant parameter for this effect is the J 
integral, which is ~10 times larger for 5 by virtue of the larger absorptivity of the acceptor 
(for 3, ε = 92800 M-1cm-1). For 9, both kET(cald.) and kET(exp.) are larger for the green-
BODIPY*→Cor process than that for Cor*→green-BODIPY. In this case, both kF°(D) 
and J contribute to the larger size of kET. It is also interesting to note that the kET(cal) 
values for 4 and 5 falls into two groups, slow and fast rates where ~one order of 
magnitude separates the two groups. This observation corroborates well with the presence 
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of two τF’s (i.e. two kET’s) in these case, suggesting that two families of conformations 
provide similar rates namely directed by κ2. 
However, one issue needs to be addressed. The kET values for the recently reported 
pyrene-BODIPY dyad (Figure 5) is faster by 1 to 2 orders of magnitude than those 
reported here.27 The authors assumed (based on the Förster theory) that the center-to-
center distance is 20 Å (similar to the unfolded conformations investigated here), which is 
the distance between the center of pyrene and the center of BODIPY. However, the 
pyrene unit is conjugated all the way to the triazole linker (i.e. N-phenyl position) and so 
the effective distance is much shorter than 20 Å. Indeed, by changing 20 by 9.6 Å in 
equation 2, the calculated kET increases by 2 orders of magnitude. Moreover, a 
relationship between the Cmeso-Cmeso distance (not center-to-center) and kET was 
demonstrated for a series of cofacial bisporphyrins,30 and that any atom or group placed 
exactly between the closest positions (i.e. closest carbons) between the donor and the 
acceptor slowed down the energy transfer process.31 The selection of the correct r value 
turns out to be a difficult task. In addition, the Dexter mechanism can also contribute to 
the overall process for this pyrene-BODIPY (Figure 5). Consequently, kET(total) can be 
the sum of both contributions; i.e. Förster and Dexter, and this despite unfavorable 
dihedral angles between the phenyl group and the donor and acceptor moieties. This 
phenomenon where unfavorable dihedral angles are present and yet efficient energy 
transfers occur, was recently demonstrated by us for truxene-containing polyporphyrin 
dyads.32 The obvious absence of conjugation in the compounds investigated in this work 
and the large donor-acceptor separations (avoiding any orbital overlap) preclude this 
mechanism. Considering these parameters, then kET for dyads 4, 5, 8, and 9 are bound to 
be significantly slower than that reported for the pyrene-BODIPY dyad of Figure 5. 
 
$




Dyads incorporating various types of BODIPY chromophores, here called red, 
green and blue, and gallium-corroles have been synthesized in good yields using the 
“click chemistry”. The direction of the singlet energy transfer, gallium-
corrole*→BODIPY or BODIPY*→ gallium-corrole, can be modulated depending 
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whether no, one or two styryl groups are attached to the BODIPY moiety. In one case, 
both directions were found possible based upon the non-nil spectral overlap of the donor 
emission and acceptor absorption (i.e. J integral of the Förster theory). The qualitative 
analysis of the kET data using FRET clearly corroborates the presence of conformers in 
solution where the folded ones are more stable for compounds 4 and 5, and unfolded for 
compound 9, which uses slightly different flexible chains. The size of the J integral plays 
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réaction,$ de$ quatre$ systèmes$ BODIPYEcorrole$ de$ gallium,$ dont$ un$ système$ BODIPYE
biscorrole.$Notons$que$les$systèmes$4+et$8$associant$un$BODIPY$distyryle$à$un$ou$deux$
corroles$ de$ gallium$ respectivement$ sont,$ à$ notre$ connaissance,$ les$ premiers$ systèmes$
d’antenne$dans$lesquels$le$corrole$joue$le$rôle$de$donneur$d’énergie.$Par$ailleurs$c’est$le$
composé$ 5$ qui$ présente$ la$ plus$ haute$ valeur$ de$ constante$ de$ vitesse$ de$ transfert$
d’énergie$kET$ $ (4.5$nsE1$à$298K).$Cette$valeur$est$du$même$ordre$de$grandeur$que$celle$





de$ la$distance$ interchromophorique$ (r),$ainsi$que$du$ facteur$d’orientation$relative$des$
dipôles$ κ2.$ Cependant,$ le$ bras$ espaceur$ dans$ ces$ trois$ composés$ sont$ relativement$
flexibles$ (ils$ comportent$ tous$deux$motifs$ –CH2–),$ ce$qui$ autorise$un$nombre$d’autant$
plus$ élevé$de$ configurations$ spatiales$possibles.$ C’est$pourquoi$nous$ avons$ calculé$ les$
valeurs$ de$ kET$ théoriques$ pour$ chacune$ des$ configurations$ stables$ que$ nous$ avons$
déterminées$pour$chacun$des$ composés$4,$5$ et$9$ (Table$1).$Une$ rigidification$du$bras$
espaceur$ permettrait$ de$ sélectionner$ un$ nombre$ plus$ restreint$ de$ configurations$














du$ corrole$ de$ gallium$ et$ les$ réactions$ «$chimie;click$ »$ permettant$ d'accéder$ aux$
différentes$ dyades$ BODIPYEcorrole.$ Pierre$ Harvey,$ Nicolas$ Desbois,$ Antoine$ Bonnot,$
Adam$ Langlois,$ Claude$ Gros$ et$ Christine$ Goze$ ont$ participé$ à$ l'interprétation$ des$
résulats.$





parties$ du$ manuscrit,$ avec$ une$ contribution$ principale$ pour$ la$ partie$ «$synthèse$»,$







# Les# travaux# présentés# dans# l'article# III# et# l'article# IV# décrivent# la# synthèse# de#
plusieurs#systèmes#donneur<accepteur#(aussi#appelés#antennes)#à#base#de#BODIPY.#Les#
études#photophysiques#menées# sur# ces# composés,# ainsi# que# sur# les#précurseurs# ayant#
servi# pour# leur# synthèse# ont# permis# de# caractériser# le# transfert# d'énergie# photoinduit#
dans# ces# différents# systèmes.# L'introduction# de# groupements# styryles# sur# le# cœur# du#
BODIPY# permet# de# décaler# ses# domaines# d'absorption# et# d'émission# vers# le# proche#
infrarouge,#et#donc#de#changer#son#caractère#donneur#ou#accepteur#dans#le#processus#de#
transfert# d'énergie.# Dans# le# cas# de# l'article# IV,# des# valeurs# théoriques# de# kET# ont# été#
calculées,# en# s'appuyant# sur# des# calculs# DFT# pour# déterminer# certains# paramètres# de#
l'équation#de#Förster.##
# Les# valeurs# expérimentales# de# kET# pour# ces# différents# systèmes# d'antennes#
montrent# que# le# transfert# d'énergie# s'effectue# à# des# échelles# de# temps# allant# de# la#
nanoseconde#à#la#centaine#de#nanosecondes.#Ces#valeurs#sont#en#accord#avec#les#études#















$ Plusieurs$ dérivés$ de$ BODIPY$ fonctionnalisés$ au$ niveau$ de$ l'atome$ de$ bore$ par$
formation$de$liaison$BEO$ont$été$synthétisés.$Un$OEBODIPY$portant$deux$groupements$de$
type$PEG$permettant$son$hydrosolubilisation$a$notamment$été$élaboré.$Ce$fluorophore$
conserve$ de$ bonnes$ propriétés$ de$ fluorescence$ en$ milieu$ aqueux.$ Afin$ d'obtenir$ des$
fluorophores$ possédant$ des$ domaines$ d'absorption$ et$ d'émission$ dans$ la$ fenêtre$
thérapeutique,$des$groupements$styryles$ont$été$introduits$en$position$αEpyrrolique$des$
différents$ BODIPY$ élaborés.$ Ces$ derniers$ ont$ également$ permis$ de$ fonctionnaliser$ les$
BODIPY$ par$ des$ groupements$ tels$ que$ l'aniline,$ diminuant$ l'hydrophobicité$ du$
fluorophore$ après$ quaternisation,$ ou$ encore$ des$ fonctions$ alcynes$ utilisables$ pour$
fonctionnaliser$le$cœur$BODIPY$par$des$réactions$de$«$chimie;click$».$
$ Dans$ le$ but$ de$ réaliser$ le$ radiomarquage$ du$ BODIPY$ au$ niveau$ de$ l'atome$ de$
bore,$ impliquant$ la$substitution$d'un$atome$de$ fluor$19$par$un$atome$de$ fluor$18,$une$
série$de$BODIPY$porteurs$d'un$groupement$partant$de$type$DMAP$a$été$mise$au$point.$
Certains$ de$ ces$ composés$ ont$ été$ greffés$ par$ «$chimie;click$»$ sur$ un$ dérivé$ de$ la$
bombésine,$ et$ des$ tests$ d'affinité$ du$ peptide$ ont$montré$ que$ le$ vecteur$ conserve$ une$
bonne$affinité$visEàEvis$des$récepteursEcible.$De$plus,$le$BODIPY$conserve$ses$propriétés$
de$ fluorescence.$ Nous$ avons$ montré$ que$ la$ DMAP$ résiste$ à$ certaines$ conditions$
réactionnelles,$ notamment$ aux$ conditions$ de$ bioconjuguaison.$ Les$ tests$ de$ fluoration$
ont$permis$de$déterminer$des$conditions$de$fluoration$spécifique$à$ l'atome$de$bore$du$





$ Le$ deuxième$ objectif$ de$ ce$ travail$ de$ thèse$ était$ la$ valorisation$ des$ BODIPY$




de$ celles$ de$ leurs$ précurseurs.$ Des$ systèmes$ dans$ lesquels$ le$ BODIPY$ est$
alternativement$donneur$ou$accepteur,$selon$la$présence$ou$l'absence$de$groupements$
styryles$ sur$ le$ BODIPY,$ ont$ été$ obtenus.$ En$ utilisant$ la$ théorie$ de$ Förster,$ et$ en$






et$ des$ inconvénients.$ Au$ niveau$ structural,$ le$ nombre$ de$ conformations$ possibles$ est$
élevé$et$rend$une$analyse$précise$difficile.$Au$niveau$analytique,$la$légère$diminution$de$
l'intensité$ de$ fluorescence$ par$ un$ transfert$ moyennement$ efficace,$ comme$ dans$ les$
systèmes$ étudiés$ dans$ ce$ travail,$ permet$ l'analyse$ de$ la$ fluorescence$ résiduelle$
relativement$ facilement$ en$ comparaison$ à$ des$ systèmes$ donneurEaccepteur$ très$
efficaces$ où$ la$ fluorescence$ est$ totalement$ ou$ presque$ totalement$ désactivée.$ Les$
dérivés$ obtenus$ dans$ ce$ travail$ possèdent$ donc$ des$ propriétés$ spectrales$ plutôt$
adaptées$ à$ une$ application$ pour$ l’imagerie$ biomédicale.$ Cependant,$ la$ vitesse$ du$
transfert$d’énergie$(et$donc$son$efficacité)$dans$ces$systèmes$pourrait$être$modulée$en$






par$ rapport$ aux$ autres.$ Ce$ serait$ donc$ un$moyen$ de$ contrôle$ de$ certains$ paramètres$
structuraux,$ notamment$ du$ facteur$ d’orientation$ des$ dipôles$ (κ2)$ et$ de$ la$ distance$
interchromophorique$(r)$qui$ influent$directement$sur$l’efficacité$du$transfert$d’énergie$
selon$ la$ théorie$ de$ Förster$ ainsi$ que$ sur$ l’équilibre$ entre$ le$ mécanisme$ de$ transfert$
d’énergie$de$type$Dexter$et$de$type$Förster.$
$
L’introduction$ de$ cette$ thèse$ a$ mis$ en$ lumière$ les$ nombreuses$ contraintes$





(solubilité,$ domaine$ d’absorption/émission),$ et$ de$ permettre$ sa$ bioconjugaison$ ainsi$
que$son$radiomarquage.$Les$études$photophysiques$réalisées$sur$une$ large$gamme$de$
composés$ apportent$ des$ données$ importantes$ sur$ l’influence$ des$ modifications$
structurales$ ainsi$ que$ des$ interactions$ interchromophoriques$ sur$ la$ fluorescence$ du$
BODIPY.$ Ces$ informations$ permettent$ de$ mieux$ maîtriser$ le$ comportement$
photophysique$ du$ fluorophore$ dans$ des$ milieux$ complexes$ tels$ que$ les$ tissus$














on$ a$ Bruker$ Avance$ II$ 300$ (300$ MHz)$ at$ the$ “Welience,$ Pôle$ Chimie$ Moléculaire$ de$
l'Université$de$Bourgogne$(WPCM)”.$Chemical$shifts$(1H$NMR$spectra)$are$expressed$in$
ppm$ relative$ to$ chloroform$ (7.26$ppm).$ The$ UV–visible$ spectra$ were$ recorded$ on$ a$
Varian$Cary$1$spectrophotometer.$The$mass$spectra$and$accurate$mass$measurements$
(HREMS)$ were$ obtained$ on$ a$ Bruker$ Daltonics$ Ultraflex$ II$ spectrometer$ in$ the$





All$ fluorescence$ spectra$ were$ corrected$ for$ apparatus$ response.$ The$ fluorescence$
lifetimes$were$measured$in$2EMeTHF$or$DMSO/PBS$1:1$using$a$Timemaster$Model$TME
3/2003$ apparatus$ from$ PTI$ incorporating$ a$ nitrogen$ laser$ as$ the$ source$ and$ a$ highE
resolution$dye$ laser$(fwhm$=$1.4$ns).$Fluorescence$ lifetimes$were$obtained$ from$highE






septum$were$ used,$ and$ all$ solutions$were$ ArEdegassed$ prior$ to$measurements.$ Three$
different$ measurements$ (i.e.,$ different$ solutions)$ were$ performed$ for$ each$ quantum$
yield.$ The$ sample$ concentrations$were$ chosen$ to$ obtain$ an$ absorbance$ of$ about$ 0.05.$
The$fluorescence$quantum$yield$(ΦF)$measurements$were$performed$with$the$slit$width$
of$ 0.5E1.5$ nm$ for$ both$ excitation$ and$ emission.$ Relative$ quantum$ efficiencies$ were$
obtained$ by$ comparing$ the$ areas$ under$ the$ corrected$ emission$ spectra$ of$ the$ sample$
relative$ to$ a$ known$ standard$ and$ the$ following$ equation$ was$ used$ to$ calculate$ ΦF:$
ΦF(sample)$ =$ ΦF(standard)•(I(sample)/I(standard))•(A(standard)/A(sample))$ •$
(η(sample)2/η(standard)2)$ where$ ΦF(standard)$ is$ the$ reported$ quantum$ yield$ of$ the$














Fractions$ were$ analysed$ by$ RPEHPLC$ on$ a$ Dionex$ Ultimate$ 3000$ system,$ with$ a$
photodiode$array$detector,$on$a$Chromolith$HighResolution$C18ec$column$(Merck,$50$×$
4.6$mm),$equipped$with$a$guard$column$(5$×$4.6$mm),$at$a$flow$rate$of$3$mL/min$and$the$
pure$ fractions$ were$ collected$ and$ lyophilized$ to$ yield$ the$ final$ compound$ (B5)$ as$ a$
highly$purified$(>95%)$blue$solid.$The$purity$of$the$compound$was$determined$by$RPE
HPLC$ at$ 254$nm.$ The$ identity$ of$ the$ compound$ was$ checked$ by$ lowEresolution$






4Ehydroxybenzaldehyde$ (0.57$g,$ 4.7$mmol)$ was$ added$ to$ a$ solution$ of$ (1,4,7,10E
tetraazacyclotridecanE5Eyl)methanamine$ (1.00$g,$ 4.7$mmol)$ in$ 110$mL$ of$ ethanol.$ The$





filtrated$ and$ washed$ with$ 20$mL$ of$ diethyl$ ether.$ The$ white$ powder$ obtained$ was$
dissolved$in$30$mL$of$NaOH$11$M$and$50$mL$of$chloroform$was$added.$The$mixture$was$
washed$with$water$(3*30$mL).$The$organic$layer$was$dried$over$magnesium$sulfate$and$
the$ solvent$was$ evaporated$ to$ give$A1$ as$ a$ white$ oil$ (m$=$ $430$mg,$ yield$=$29$%).$ 1H$
NMR$ (CDCl3,$ 300$MHz,$298$K)$δ$ 1.61$ (m,$2H),$2.4E2.85$ (m,$22H),$3.58$ (s,$ 2H),$6.59$ (d,$
3J$=$8.4$Hz,$ 2H),$ 6.99$ (d,$ 3J$=$8.4$Hz,$ 2H).1$13C{1H}$ NMR$ (CDCl3,$ 75$MHz,$ 298$K):$ δ$ 28.7$
(CH2Eβ),$ 46.0,$ 47.5,$ 48.5,$ 49.1,$ 50.0,$ 50.1,$ 50.7,$ 51.6,$ 53.8,$ 56.9,$ 115.8$ (*2),$ 129.5$ (*2),$
130.2,$157.2.$ESIEMS$:$m/z$=$322.28$[M+H]+.$
$
                                                

















of$ HCl$ 0.2M$ was$ slowly$ added$ at$ room$ temperature$ until$ pH$=$5.$ The$ solvent$ was$
removed$ under$ vacuum$ and$ the$ residue$was$ dissolved$ in$ 20$mL$ of$ dichloromethane.$
The$ solution$was$washed$with$water$ (3$x$20$mL),$ dried$ over$MgSO4$ and$ solvent$ was$
removed.$ The$ crude$ product$ was$ purified$ by$ column$ chromatography$ on$ silica$ gel$
(ethanol)$followed$by$a$recrystallization$in$a$mixture$of$dichloromethane$and$hexane$to$






Compound$ 2$ (500$mg,$ 0.87$mmol)$ and$ pEanisaldehyde$ (425$μL,$ 3.49$mmol)$ were$
dissolved$ in$ a$ mixture$ of$ dry$ toluene$ (50$mL),$ pEtoluenesulfonic$ acid$ (APTS,$ 24$mg,$
0.14$mmol)$and$piperidine$(3$mL,$30$mmol).$The$mixture$was$refluxed$during$2$h$ in$a$
DeanEStark$apparatus$and$the$solvent$was$removed$in$situ.$50$mL$of$dry$toluene$and$3$
mL$ of$ piperidine$were$ added$ and$ the$mixture$was$ refluxed$ 2$more$ hours.$ After$ total$
consumption$of$ starting$material$ followed$by$UVEVis,$ the$solvent$was$evaporated.$The$


























was$ evaporated$ to$ give$ a$ blue$ solid.$ The$ crude$ product$ was$ purified$ by$ column$
chromatography$ on$ silica$ gel$ (DCM)$ followed$ by$ a$ recrystallization$ in$ a$ mixture$ of$
dichloromethane$and$hexane$ to$give$B1$ as$a$blue$solid$ (m$=$521$mg,$yield$=$74$%).$ 1H$
NMR$(CDCl3,$300$MHz,$298$K)$δ$1.08$(t,$3J$=$7.5$Hz,$6H),$1.22$(s,$6H),$2.53$(q,$3J$=$7.5$Hz,$
4H),$3.05$(t,$3JA$=$7.1$Hz,$2H),$3.72$(td,$3JA$=$7.1$Hz,$3JB$=$5.9$Hz,$2H),$3.78$(s,$6H),$6.26$(t,$
3JB$=$5.9$Hz,$ 1H),$ 6.87$ (d,$ 3J$=$8.8$Hz,$ 4H),$ 7.15$ (d,$ 3J$=$16.7$Hz,$ 2H),$ 7.35$ (d,$ 3J$=$8.2$Hz,$
2H),$7.37$(d,$3J$=$8.7$Hz,$2H),$7.51$(d,$3J$=$8.3$Hz,$4H),$7.60$(d,$3J$=$16.7$Hz,$2H),$7.79$(d,$
3J$=$8.2$Hz,$2H),$8.14$(d,$3J$=$8.7$Hz,$2H).$13C{1H}$NMR$(CDCl3,$75$MHz,$298$K)$δ$11.8$(*2),$
14.1$ (*2),$ 18.4$ (*2),$ 35.7,$ 41.0$;$ 55.4$ (*2)$ (OECH3),$ 114.3$ (*4),$ 118.0$ (*2),$ 123.9$ (*2),$
127.6$(*2),$128.8$(*4),$129.3$(*2),$129.6$(*2),$130.2$(*2),$132.5,$134.0$(*2),$134.6$(*2),$
135.9$(*2),$136.2,$138.3$(*2),$139.8,$146.6,$146.9,$150.9$(*2),$160.4$(*2),$166.7$(C=O).$11B$
NMR$ (CDCl3,$ 192.5$MHz,$ 298$K)$ δ$1.24$ (t,$ 1J$=$34.4$Hz).$ ESIEMS:$m/z$=$831.3$ [M+Na]+$;$











magnesium$ sulfate.$ The$ solution$ was$ concentrated$ to$ dryness$ and$ the$ residue$ was$
purified$ by$ silica$ gel$ column$ chromatography$ (DCM/MeOH$ 97:3)$ to$ give$B2$ as$ a$ red$
solid$(m$=$342$mg,$yield$=$87$%).$1H$NMR$(CDCl3,$300$MHz,$298$K)$δ$1.06$(t,$3J$=$7.5$Hz,$
6H),$1.37$(s,$6H),$2.47$(q,$3J$=$7.5$Hz,$4H),$3.02$(s,$6H),$3.16$(t,$3JA$=$7.4$Hz,$2H),$3.78$(td,$
3JA$=$7.4$Hz,$ 3JB$=$5.6$Hz,$2H),$3.85$(s,$6H),$6.60$(d,$ 3J$=$7.5$Hz,$2H),$6.83$(d,$ 3J$=$16.6$Hz,$
2H),$6.94$(d,$3J$=$8.7$Hz,$4H),$7.08$(d,$3J$=$16.6$Hz,$2H),$7.38$(d,$3J$=$8.7$Hz,$4H),$7.44$(dd,$
3JC$=$7.7$Hz,$3JD$=$1.9$Hz,$1H),$7.49$(t,$3J$=$8.6$Hz,$2H),$7.56$(t,$3JB$=$5.6$Hz,$1H),$7.65$(dd,$
3JC$=$7.7$Hz,$ 3JD$=$1.9$Hz,$1H),$7.86$ (d,$ 3J$=$7.5$Hz,$2H),$8.11$ (dd,$ 3JC$=$7.7$Hz,$ 3JD$=$1.9$Hz,$
1H),$8.15$(d,$3J$=$8.6$Hz,$2H),$8.13$(dd,$3JC$=$7.7$Hz,$3JD$=$1.9$Hz,$1H).$13C{1H}$NMR$(CDCl3,$
















141.3,$ 142.0,$ 146.6,$ 147.6,$ 151.5,$ 156.4,$ 161.0,$ 166.7.$ 11B$ NMR$ (CDCl3,$ 192.5$MHz,$
298$K)$δ$1.53$(d,$1J$=$34.6$Hz).$ESIEMS$:$m/z$=$789.4$[MEC7H10N2EOTf]+$;$911.4$[MEOTf]+.$
HRMS$(ESI)$911.44342,$calculated$for$C55H57BF1N6O5$911.44712.$UVEVis$(THF)$λ$nm$(ε x 







(PTSA,$ 50.0$ mg,$ 0.290$mmol)$ and$ piperidine$ (989$ μL,$ 10.0$ mmol).$ The$ mixture$ was$
refluxed$during$2$h$in$a$DeanEStark$apparatus.$The$solvent$was$removed$in$situ,$10$mL$of$
dry$ toluene$ and$ 4E(propE2EynE1Eyloxy)benzaldehyde$ (73.0$mg,$ 0.460$mmol)$ were$
added.$The$mixture$was$refluxed$for$another$1$h$and$the$solvent$was$removed.$This$step$
was$ repeated$5$ times.$After$ total$ consumption$of$ starting$material$ (monitored$by$UVE
visible),$the$solvent$was$evaporated.$The$resulting$solid$was$washed$with$water$(3$x$50$
mL)$and$extracted$with$dichloromethane.$The$organic$layer$was$dried$over$magnesium$
sulfate$ and$ the$ solvent$ was$ evaporated$ to$ give$ a$ blue$ solid.$ The$ crude$ product$ was$
purified$ by$ column$ chromatography$ on$ silica$ gel$ (dichloromethane/heptane$ 50:50)$
followed$by$a$recrystallization$ in$a$mixture$of$dichloromethane$and$hexane$to$give$B3$
(133$mg,$0.184$mmol)$ in$40$%$yield$as$a$blue$ solid.$ 1H$NMR$(CDCl3,$300$MHz,$298$K)$
δ$(ppm):$1.13$ (t,$ J$=$7.6$Hz,$6H),$1.28$ (s,$6H),$2.53$ (t,$ $J$=$2.4$Hz,$2H),$2.58$ (q,$J$=$7.6$Hz,$
4H),$3.97$(s,$3H),$4.73$(d,$J$=$2.4$Hz,$4H),$7.01$(d,$J$=$8.8$Hz,$4H),$7.20$(d,$J$=$16.6$Hz,$2H),$
7.42$ (d,$ J$=$8.2$Hz,$ 2H),$7.56$ (d,$ J$=$8.8$Hz,$ 4H),$7.66$ (d,$ J$=$16.6$Hz,$ 2H),$ 8.20$ (d,$
J$=$8.2$Hz,$2H).$ 13C{1H}$NMR$(CDCl3,$75$MHz,$298$K)$δ$10.7,$13.0,$17.4,$51.4,$54.9,$74.7,$
77.3,$ 114.2,$ 117.5,$ 127.8,$ 128.1,$ 129.3,$ 129.6,$ 130.1,$ 131.5,$ 133.0,$ 134.6,$ 137.4,$ 140.8,$
149.8,$ 151.2,$ 157.1,$ 165.6.$ 11B$ NMR$ (CDCl3,$ 192.5$MHz,$ 298$K)$ δ$(ppm):$ 1.20$ (t,$
J$=$34.6$Hz).$UVEvisible$(2EMeTHF):$λmax$(nm)$(ε$x$10E3$L$molE1$cmE1)$=$255$(21),$332$(31),$















Trimethylsilyl$ trifluoromethanesulfonate$ (TMSOTf,$ 3.0$ μL,$ 8.3$ μmol)$ and$
dimethylaminopyridine$ (2.0$mg,$16.6$μmol)$were$added$ to$ a$ solution$of$B3$ (6.00$mg,$
8$μmol)$in$dry$toluene$(1$mL),$and$the$mixture$was$stirred$for$1$h$at$80°C.$The$solvent$
was$ evaporated,$ the$ residue$ was$ washed$ with$ water$ (3*2$ mL)$ and$ dried$ over$




3.06$ (s,$ 6H),$ 3.99$ (s,$ 3H),$ 4.74$ (d,$ 4J$=$2.5$Hz,$ 4H),$ 6.82$ (d,$ 3J$=$16.8$Hz,$ 2H),$ 6.85$ (d,$
3J$=$7.1$Hz,$ 2H),$ 6.98$ (d,$ 3J$=$16.7$Hz,$ 2H),$ 7.00$ (d,$ 3J$=$8.8$Hz,$ 4H),$ 7.36$ (d,$ 3J$=$8.8$Hz,$
4H),$7.43$(dd,$ 3JC$=$7.9$Hz,$ 4JD$=$1.7$Hz,$1H),$7.80$(dd,$ 3JC$=$7.9$Hz,$ 4JD$=$1.7$Hz,$1H),$7.88$
(d,$ 3J$=$7.1$Hz,$ 2H),$ 8.22$ (dd,$ 3JC$=$7.9$Hz,$ 4JD$=$1.7$Hz,$ 1H),$ 8.29$ (dd,$ 3JC$=$7.9$Hz,$
4JD$=$1.7$Hz,$ 1H).$ 11B$ NMR$ (CDCl3,$ 192.5$MHz,$ 298$K):$ δ$ 1.18$ (d,$ 1J$=$37.5$Hz).$ ESIEMS:$





















give$B5$ as$ a$ red$ solid$ (conversion$ (HPLC)$=$76$%,$ purity$=$98.1$%,$ tR$=$3.47$min).$ ESIE
MS:$ m/z$=$1016.65$ [M+2HEOTfE2TFA]3+,$ 1023.71$ [M+H+NaEOTfE2TFA]3+,$ 1031.10$
[M+2NaEOTfE2TFA]3+,$ 1474.08$ [M+H+NaEC7H10N2EOTfE2TFA]2+,$ 1523.50$ [M+HEOTfE
















































BODIPY$ ester$ (compound$ 18$ of$ article$ II)$ (1.00$ g,$ 2.28$mmol)$ and$ 4E
(dimethylamino)benzaldehyde$(386$mg,$2.51$mmol)$were$dissolved$in$a$mixture$of$dry$
toluene$(150$mL),$3$mL$of$acetic$acid$and$3$mL$of$piperidine.$The$mixture$was$refluxed$
during$ 2$h$ in$ a$ DeanEStark$ apparatus$ and$ the$ solvent$ was$ removed$ in$ situ.$ After$
consumption$ of$ approximately$ a$ third$ of$ starting$material$ (monitored$ by$ UVEvisible),$
the$ solvent$was$evaporated.$The$ resulting$ solid$was$washed$with$water$ (3$x$100$mL)$
and$ extracted$ with$ 100$mL$ of$ dichloromethane.$ The$ organic$ layer$ was$ dried$ over$
magnesium$sulfate$and$the$solvent$was$evaporated.$The$crude$product$was$purified$by$
column$chromatography$on$silica$gel$(dichloromethane/heptane$30:70$for$B6$and$50:50$







40.3,$ 52.3,$ 112.2,$ 115.5,$ 127.7,$ 128.8,$ 129.0,$ 130.2,$ 130.5,$ 130.9,$ 131.6,$ 133.1,$ 133.4,$
136.6,$136.7,$137.1,$138.5,$141.2,$150.9,$151.5,$153.6,$166.6.$11B$NMR$(CDCl3,$192.5$MHz,$
298$K)$ δ$ 1.33$ (t,$ 1J$=$33.9Hz).$ ESIEMS:$m/z$=$592.4.4$ [M+Na]+.$ HRMS$ (ESI)$ 560.30744,$
calculated$ for$ C34H39BF2N3O2$ 570.31039.$ UVEVis+ (THF)$ λ$ nm$ (ε$x$103$ME1$ cmE1):$ 618$
(71.1),$529$(8.6),$442$(9.8),$375$(17.6),$321$(21.0),$278$(11.3),$235$(22.6).+
Characterization+ of+ B7.+ 1H$ NMR$ (CDCl3,$ 300$MHz,$ 298$K)$ δ$ 1.14$ (t,$ 3J$=$7.5$Hz,$ 6H),$
1.30$(s,$6H),$2.59$(q,$3J$=$7.5$Hz,$4H),$3.01$(s,$12H),$3.97$(s,$3H),$6.72$(d,$3J$=$8.8$Hz,$4H),$
7.20$ (d,$ 3J$=$16.7$Hz,$ 2H),$ 7.43$ (d,$ 3J$=$8.3$Hz,$ 2H),$ 7.53$ (d,$ 3J$=$8.8$Hz,$ 4H),$ 7.63$ (d,$
3J$=$16.7$Hz,$ 2H),$ 8.15$ (d,$ 3J$=$8.3$Hz,$ 2H).$ 13C{1H}$NMR$ (CDCl3,$ 75$MHz,$ 298$K)$δ$11.6,$
14.0,$18.5,$40.4,$52.4,$112.3,$115.9,$126.0,$128.9,$129.5,$130.2,$130.5,$132.3,$133.6,$134.6,$
136.3,$ 137.6,$ 141.6,$ 150.9,$ 166.7.$ 11B$ NMR$ (CDCl3,$ 192.5$MHz,$ 298$K)$ δ$ 1.33$ (t,$
























(15$mg,$ 36$μmol)$ in$ 1$mL$ of$ dichloromethane$ and$ the$ solvent$ was$ evaporated.$ The$
resulting$ solid$was$washed$with$water$ (3*2$mL)$ and$extracted$with$dichloromethane.$
The$organic$ layer$was$dried$over$magnesium$sulfate$ and$ the$ solvent$was$ evaporated.$
The$residue$was$washed$three$times$with$hexane$and$B8$was$obtained$as$a$purple$solid$
(m$=$33$mg,$ yield$=$89$%).$ 1H$NMR$ (CDCl3,$ 300$MHz,$ 298$K)$ δ$ 0.98$ (t,$ 3J$=$7.5$Hz,$ 3H),$
1.11$ (t,$ 3J$=$7.5$Hz,$ 3H),$ 1.25$(s,$ 3H),$ 1.27$(s,$ 3H),$ 2.30$ (q,$ 3J$=$7.5$Hz,$ 2H),$ 2.55$ (q,$
3J$=$7.5$Hz,$2H),$2.56$(s,$3H),$3.72$(s,$9H),$3.97$(s,$3H),$7.11$(d,$3J$=$16.7$Hz,$1H),$7.40$(d,$







Trimethylsilyl$ trifluoromethanesulfonate$ (11$μL,$100$μmol)$was$added$ to$a$solution$of$



















a$ green$ solid$ (m$=$33$mg,$ yield$=$89$%).$ 1H$ NMR$ (MeOD,$ 300$MHz,$ 298$K)$ δ$ 1.17$ (t,$
3J$=$7.5$Hz,$6H),$1,41$(s,$6H),$2.69$(q,$3J$=$7.5$Hz,$4H),$3.72$(s,$18H),$3.99$(s,$3H),$7.39$(d,$
3J$=$16.8$Hz,$2H),$7.57$ (d,$ 3J$=$8.4$Hz,$2H),$7.83$ (d,$ 3J$=$16.8$Hz,$2H),$7.88$ (d,$ 3J$=$9.1$Hz,$
4H),$ 7.98$ (d,$ 3J$=$9.1$ Hz,$ 2H),$ 8.25$ (d,$ 3J$=$8.4$Hz,$ 2H).$ 11B$ NMR$ (MeOD,$ 192.5$MHz,$
298$K)$ δ$ 1.14$ (t,$ 1J$=$34.2Hz).$ ESIEMS:$ m/z$=$350.2$ [ME2CH3]2+,$ 357.7$ [MECH3]2+$ 365.2$
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Foie$ 635$ 313$ 0.68$
Peau$ 633$ 187$ 0.81$
Aorte$ 633$ 41.0$ 0.87$
Vessie$ 633$ 29.3$ 0.91$
Poumon$ 630$ 35.9$ 0.95$
Cerveau$ $ $ $
$$$$$Matière$grise$ 633$ 51.0$ 0.96$
$$$$$Matière$blanche$ 633$ 60.2$ 0.88$
Cœur$(endocarde)$ 1060$ 136$ 0.97$
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Characterization of compounds 1-16 : 
NMR and photophysical spectra 
 
Figure 1: 1H NMR spectrum of compound 1 in CDCl3 
 





Figure 2: 1H NMR spectrum of compound 2 in CDCl3 
  
Figure 3: 13C NMR spectrum of compound 2 in CDCl3 




Figure 4: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 620 
nm) spectra of 2 in 2-MeTHF at room temperature. 
 
 



































Figure 6: 13C NMR spectrum of compound 3 in CDCl3 
 
Figure 7: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 620 




































Figure 8: 1H NMR spectrum of compound 4 in CDCl3  
 
 
Figure 9: 13C NMR spectrum of compound 4 in CDCl3 




Figure 10: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 690 
nm) spectra of 4 in 2-MeTHF at room temperature. 
 
































Figure 12: 1H NMR spectrum of compound 6 in CDCl3  
 
 
Figure 13: 13C NMR spectrum of compound 6 in CDCl3  





Figure 14: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 690 
nm) spectra of 6 in 2-MeTHF at room temperature. 
 
 

































Figure 16: 1H NMR spectrum of compound 8 in CDCl3 
 
Figure 17: 13C NMR spectrum of compound 8 in CDCl3 




Figure 18: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 620 








































Figure 20: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 620 
nm) spectra of 9 in 2-MeTHF at room temperature. 
 









































Figure 23: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 620 
































Figure 24: 1H NMR spectrum of compound 12 in CDCl3 
 
 
Figure 25: 13C NMR spectrum of compound 12 in CDCl3 




Figure 26: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 690 









































Figure 29: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 620 







































Figure 30: 1H NMR spectrum of compound 14 in CDCl3 
Figure 31: 13C NMR spectrum of compound 14 in CDCl3 




Figure 32: Absorption (black), fluorescence (red, λex= 550 nm) and excitation (blue, λem= 700 
nm) spectra of 14 in 2-MeTHF at room temperature. 
 





































Figure 34: 1H NMR spectrum of compound 16 in CDCl3 
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X-Ray data of compound 3 
 
 
X-ray equipment and refinement: diffraction data were collected on a Nonius Kappa Apex II diffractometer equipped with a nitrogen jet 
stream low-temperature system (Oxford Cryosystems). The X-ray source was graphite monochromated Mo-Ka1 radiation (l = 0.71073 Å) 
from a sealed tube. The lattice parameters were obtained by least-squares fit to the optimized setting angles of the entire set of collected 
reflections. No significant temperature drift was observed during the data collections. Data were reduced by using DENZO software without 
applying absorption corrections, the missing absorption corrections were partially compensated by the data scaling procedure in the data 
reduction. The structure was solved by direct method using the SIR92 program. Refinements were carried out by full-matrix least-squares on 
F2, using the SHELXL program on the complete set of reflections. Anisotropic thermal parameters were used for non-hydrogen atoms. All H 
atoms, on carbon atom or oxygen atom, were placed at calculated positions using a riding model with C-H = 0.95 (aromatic), 0.99 
(methylene) or 0.98 (methyle) with Uiso(H) = 1.2Ueq(CH), Uiso(H) = 1.2Ueq(CH2) or Uiso(H) = 1.2Ueq(CH3).  
$
Table S1 Crystal data and structure refinement for 3 
Empirical formula  C39H39N2O6B  
Formula weight  642.53  
Temperature/K  115  
Crystal system  triclinic  
Space group  P-1  
a/Å  10.8262(3)  
b/Å  12.7507(4)  
c/Å  14.1556(4)  
α/°  86.5400(10)  
β/°  68.923(2)  
γ/°  65.630(2)  
Volume/Å3  1651.94(9)  
Z  2  
ρcalcmg/mm3  1.292  
m/mm-1  0.086  
F(000)  680.0  
Crystal size/mm3  0.25 × 0.25 × 0.12  
2Θ range for data collection  3.1 to 55.06°  
Index ranges  -14 ≤ h ≤ 14, -16 ≤ k ≤ 16, -18 ≤ l ≤ 18  
Reflections collected  14266  
Independent reflections  7527[R(int) = 0.0305]  
Data/restraints/parameters  7527/0/440  
Goodness-of-fit on F2  1.068  
Final R indexes [I>=2σ (I)]  R1 = 0.0521, wR2 = 0.1073  
Final R indexes [all data]  R1 = 0.0681, wR2 = 0.1172  
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 Table S2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for 3. Ueq is defined as 1/3 of of 
the trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
C1 666.3(18) 3511.9(15) 1759.8(13) 18.5(3) 
C2 -560.1(18) 4418.9(15) 2449.4(13) 18.2(3) 
C3 -730.5(17) 4080.4(14) 3425.5(12) 16.8(3) 
C4 403.7(17) 2953.7(14) 3314.9(12) 15.9(3) 
C5 755.2(17) 2183.0(14) 4023.2(12) 15.8(3) 
C6 1929.6(17) 1095.0(14) 3723.0(12) 16.5(3) 
C7 2501.0(17) 179.9(14) 4290.7(12) 17.0(3) 
C8 3720.7(18) -690.0(14) 3592.2(13) 17.6(3) 
C9 3870.2(17) -316.8(14) 2612.5(13) 17.4(3) 
C10 4998.9(19) -982.9(15) 1622.5(13) 21.4(4) 
C11 4752.5(19) -1799.5(15) 3816.8(14) 21.1(4) 
C12 5857(2) -1623.6(17) 4150.3(16) 29.6(4) 
C13 1932.9(19) 114.8(15) 5418.7(12) 20.9(4) 
C14 -1889.3(19) 4787.0(15) 4394.7(13) 21.2(4) 
C15 -1498.3(19) 5515.1(15) 2132.4(14) 22.8(4) 
C16 -2637(2) 5375.6(18) 1819.1(16) 30.9(4) 
C17 1321(2) 3515.8(17) 634.0(13) 24.7(4) 
C18 -127.4(17) 2525.5(14) 5135.9(12) 16.1(3) 
C19 -1334.2(18) 2276.8(15) 5595.5(13) 19.5(3) 
C20 -2118.0(19) 2553.1(15) 6633.2(13) 20.2(3) 
C21 -1716.1(18) 3093.1(14) 7222.0(12) 16.9(3) 
C22 -512.4(19) 3350.2(16) 6760.4(13) 21.9(4) 
C23 275.7(19) 3064.0(16) 5726.7(13) 20.6(4) 
C24 -2578.1(19) 3453.7(15) 8335.3(13) 20.0(3) 
C25 -4630(2) 3465.4(17) 9725.1(13) 28.2(4) 
C26 4278.4(18) 2284.3(15) 2019.5(12) 17.8(3) 
C27 3623.7(19) 3478.1(16) 2271.9(13) 22.6(4) 
C28 4055(2) 3958.9(16) 2879.1(14) 23.9(4) 
C29 5135.3(19) 3259.7(16) 3240.6(13) 22.4(4) 
C30 5785(2) 2067.8(16) 2986.2(14) 25.1(4) 
C31 5366.5(19) 1576.7(15) 2381.1(13) 22.2(4) 
C32 5572(2) 3786.5(19) 3888.0(14) 28.7(4) 
C33 1876.6(18) 329.2(15) 1032.4(12) 18.0(3) 
C34 607.4(19) 474.5(16) 1869.0(13) 23.4(4) 
C35 -142(2) -173.6(17) 1858.3(14) 24.8(4) 
C36 326.5(19) -963.9(16) 1031.5(14) 23.2(4) 
C37 1580(2) -1097.0(16) 198.9(14) 25.1(4) 
C38 2352.2(19) -461.2(16) 205.3(13) 22.1(4) 
C39 -480(2) -1643.9(18) 1016.0(17) 31.5(4) 
N1 1236.4(15) 2631.7(12) 2273.6(10) 16.5(3) 
N2 2799.2(14) 746.2(12) 2691.1(10) 16.2(3) 
O1 -2308.8(14) 3972.3(12) 8866.6(9) 26.4(3) 
O2 -3689.8(14) 3145.4(11) 8662.5(9) 24.6(3) 
O3 2695.5(13) 918.8(10) 956.1(8) 18.8(2) 
O4 3925.1(12) 1797.1(10) 1379.7(8) 17.7(2) 
O5 6458.3(19) 3246.2(15) 4271.3(12) 42.7(4) 
O6 -1586.9(17) -1592.8(14) 1694.3(13) 41.2(4) 
B1 2665(2) 1513.9(16) 1809.0(14) 16.7(4) 
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Table S3 Anisotropic Displacement Parameters (Å2×103) for 3. The Anisotropic displacement factor exponent takes the form: -
2π2[h2a*2U11+...+2hka×b×U12] 
Atom U11 U22 U33 U23 U13 U12 
C1 19.2(8) 20.0(9) 18.6(8) 4.7(6) -8.9(7) -9.1(7) 
C2 19.2(8) 17.8(8) 19.5(8) 3.8(6) -8.7(7) -8.5(7) 
C3 15.8(8) 17.4(8) 18.2(8) 2.6(6) -6.7(6) -7.6(6) 
C4 16.2(8) 18.1(8) 13.7(7) 1.0(6) -4.1(6) -8.4(6) 
C5 15.2(8) 19.0(8) 15.1(8) 1.0(6) -4.5(6) -9.7(6) 
C6 16.4(8) 19.0(8) 14.4(8) 1.3(6) -4.3(6) -8.6(7) 
C7 16.7(8) 18.8(8) 17.2(8) 4.6(6) -6.8(6) -8.8(7) 
C8 16.5(8) 16.5(8) 20.1(8) 3.2(6) -6.2(6) -8.0(7) 
C9 16.2(8) 16.6(8) 19.9(8) 1.3(6) -5.6(6) -8.2(7) 
C10 19.3(8) 19.7(9) 19.9(8) -1.0(7) -2.8(7) -6.6(7) 
C11 20.0(8) 15.6(8) 24.7(9) 3.1(7) -8.8(7) -4.3(7) 
C12 26.2(10) 24.8(10) 37.2(11) 2.2(8) -17.8(9) -4.8(8) 
C13 22.8(9) 20.6(9) 16.8(8) 5.6(7) -7.1(7) -7.4(7) 
C14 22.5(9) 16.9(8) 20.9(8) 0.8(7) -6.2(7) -6.6(7) 
C15 23.9(9) 19.0(9) 23.0(9) 6.3(7) -9.6(7) -6.4(7) 
C16 28.6(10) 33.2(11) 32.8(11) 10.3(9) -17.4(9) -10.5(9) 
C17 27.5(9) 26.6(10) 17.0(8) 6.4(7) -7.6(7) -9.8(8) 
C18 16.3(8) 15.7(8) 14.3(8) 2.7(6) -5.2(6) -5.5(6) 
C19 19.5(8) 23.4(9) 17.6(8) 0.6(7) -6.2(7) -11.1(7) 
C20 19.8(8) 24.4(9) 17.7(8) 1.5(7) -3.2(7) -13.6(7) 
C21 18.0(8) 16.7(8) 13.9(8) 2.6(6) -5.3(6) -6.0(6) 
C22 24.1(9) 25.4(9) 18.7(8) -0.5(7) -7.2(7) -12.9(7) 
C23 19.2(8) 26.4(9) 18.4(8) 1.7(7) -3.9(7) -14.0(7) 
C24 22.7(8) 17.8(8) 15.4(8) 3.2(6) -5.7(7) -6.1(7) 
C25 29.8(10) 30.2(10) 16.2(9) -2.4(7) 3.6(7) -14.4(8) 
C26 16.9(8) 22.1(9) 13.0(7) 1.8(6) -1.6(6) -10.2(7) 
C27 22.1(9) 21.4(9) 23.4(9) 5.0(7) -9.7(7) -7.7(7) 
C28 26.6(9) 19.0(9) 24.6(9) 0.4(7) -9.6(7) -8.0(7) 
C29 23.8(9) 28.7(10) 18.5(8) 4.4(7) -7.1(7) -15.4(8) 
C30 25.1(9) 25.4(10) 26.9(9) 8.1(7) -14.5(8) -9.1(8) 
C31 22.7(9) 18.6(9) 23.4(9) 3.7(7) -8.6(7) -7.0(7) 
C32 35.5(11) 38.8(11) 21.8(9) 7.9(8) -10.9(8) -25.2(9) 
C33 17.3(8) 19.6(8) 17.8(8) 5.3(6) -7.2(7) -8.3(7) 
C34 22.4(9) 29(1) 16.1(8) -0.4(7) -3.1(7) -11.3(8) 
C35 20.3(9) 33.8(11) 20.7(9) 6.4(7) -5.3(7) -14.2(8) 
C36 22.7(9) 23.6(9) 27.9(9) 8.7(7) -13.4(8) -11.4(7) 
C37 26.1(9) 22.0(9) 26.4(9) -1.7(7) -9.3(8) -9.2(8) 
C38 21.0(8) 23.8(9) 19.2(8) 0.1(7) -4.7(7) -9.3(7) 
C39 32.1(10) 32.1(11) 40.9(11) 11.9(9) -21.0(9) -18.0(9) 
N1 17.6(7) 17.3(7) 13.9(6) 1.7(5) -5.0(5) -7.4(6) 
N2 14.8(6) 15.7(7) 15.4(7) 1.1(5) -2.9(5) -6.1(5) 
O1 31.8(7) 29.4(7) 17.5(6) -1.9(5) -5.8(5) -14.5(6) 
O2 25.9(7) 30.6(7) 13.6(6) -1.0(5) 0.7(5) -14.5(6) 
O3 19.7(6) 21.1(6) 14.2(5) 0.4(5) -2.6(5) -10.3(5) 
O4 18.2(6) 21.0(6) 13.1(5) 1.1(5) -2.5(5) -10.1(5) 
O5 62.0(11) 56.5(11) 43.3(9) 26.3(8) -38.4(8) -42.9(9) 
O6 35.9(8) 49.7(10) 52.2(10) 18.7(8) -20.0(7) -29.8(8) 
B1 15.8(8) 16.3(9) 14.4(8) 1.9(7) -3.2(7) -5.3(7) 
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Table S4 Bond Lengths for 3. 
Atom Atom Length/Å   Atom Atom Length/Å 
C1 C2 1.411(2)   C22 C23 1.383(2) 
C1 C17 1.494(2)   C24 O1 1.210(2) 
C1 N1 1.350(2)   C24 O2 1.336(2) 
C2 C3 1.393(2)   C25 O2 1.447(2) 
C2 C15 1.506(2)   C26 C27 1.393(2) 
C3 C4 1.425(2)   C26 C31 1.402(2) 
C3 C14 1.499(2)   C26 O4 1.366(2) 
C4 C5 1.401(2)   C27 C28 1.386(2) 
C4 N1 1.402(2)   C28 C29 1.392(3) 
C5 C6 1.396(2)   C29 C30 1.391(3) 
C5 C18 1.497(2)   C29 C32 1.471(2) 
C6 C7 1.428(2)   C30 C31 1.382(3) 
C6 N2 1.401(2)   C32 O5 1.214(2) 
C7 C8 1.391(2)   C33 C34 1.404(2) 
C7 C13 1.502(2)   C33 C38 1.390(2) 
C8 C9 1.414(2)   C33 O3 1.354(2) 
C8 C11 1.499(2)   C34 C35 1.380(2) 
C9 C10 1.495(2)   C35 C36 1.392(3) 
C9 N2 1.350(2)   C36 C37 1.394(3) 
C11 C12 1.531(2)   C36 C39 1.468(3) 
C15 C16 1.527(3)   C37 C38 1.386(2) 
C18 C19 1.392(2)   C39 O6 1.216(2) 
C18 C23 1.393(2)   N1 B1 1.555(2) 
C19 C20 1.386(2)   N2 B1 1.551(2) 
C20 C21 1.391(2)   O3 B1 1.448(2) 
C21 C22 1.395(2)   O4 B1 1.465(2) 
C21 C24 1.497(2)         
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Table S5 Bond Angles for 3. 
Atom Atom Atom )   Atom Atom Atom ) 
C2 C1 C17 126.61(15)   O1 C24 O2 124.44(16) 
N1 C1 C2 109.76(14)   O2 C24 C21 111.50(14) 
N1 C1 C17 123.55(15)   C27 C26 C31 119.90(16) 
C1 C2 C15 123.92(15)   O4 C26 C27 120.71(15) 
C3 C2 C1 107.46(15)   O4 C26 C31 119.31(15) 
C3 C2 C15 128.59(16)   C28 C27 C26 119.69(16) 
C2 C3 C4 106.78(14)   C27 C28 C29 120.63(17) 
C2 C3 C14 125.70(15)   C28 C29 C32 119.78(17) 
C4 C3 C14 127.52(15)   C30 C29 C28 119.42(16) 
C5 C4 C3 132.27(15)   C30 C29 C32 120.80(17) 
C5 C4 N1 119.78(15)   C31 C30 C29 120.58(17) 
N1 C4 C3 107.94(14)   C30 C31 C26 119.78(17) 
C4 C5 C18 119.93(14)   O5 C32 C29 124.5(2) 
C6 C5 C4 121.76(15)   C38 C33 C34 119.37(16) 
C6 C5 C18 118.30(14)   O3 C33 C34 124.69(16) 
C5 C6 C7 131.98(15)   O3 C33 C38 115.94(14) 
C5 C6 N2 120.23(14)   C35 C34 C33 119.46(17) 
N2 C6 C7 107.79(14)   C34 C35 C36 121.44(16) 
C6 C7 C13 128.53(15)   C35 C36 C37 118.85(16) 
C8 C7 C6 106.83(14)   C35 C36 C39 121.41(17) 
C8 C7 C13 124.64(15)   C37 C36 C39 119.74(18) 
C7 C8 C9 107.47(15)   C38 C37 C36 120.27(17) 
C7 C8 C11 127.33(15)   C37 C38 C33 120.59(16) 
C9 C8 C11 125.13(15)   O6 C39 C36 125.3(2) 
C8 C9 C10 126.62(15)   C1 N1 C4 108.05(14) 
N2 C9 C8 109.60(14)   C1 N1 B1 126.11(14) 
N2 C9 C10 123.76(15)   C4 N1 B1 125.52(13) 
C8 C11 C12 112.12(14)   C6 N2 B1 125.45(14) 
C2 C15 C16 112.89(15)   C9 N2 C6 108.29(13) 
C19 C18 C5 120.19(14)   C9 N2 B1 125.85(14) 
C19 C18 C23 119.38(15)   C24 O2 C25 117.02(14) 
C23 C18 C5 120.40(14)   C33 O3 B1 124.62(13) 
C20 C19 C18 120.21(15)   C26 O4 B1 118.69(12) 
C19 C20 C21 120.34(15)   N2 B1 N1 106.39(13) 
C20 C21 C22 119.47(15)   O3 B1 N1 112.95(14) 
C20 C21 C24 121.78(15)   O3 B1 N2 112.34(14) 
C22 C21 C24 118.70(15)   O3 B1 O4 104.07(13) 
C23 C22 C21 120.07(16)   O4 B1 N1 110.57(13) 
C22 C23 C18 120.52(15)   O4 B1 N2 110.60(13) 
O1 C24 C21 124.05(16)           
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Table S6 Torsion Angles for 3. 
A B C D )   A B C D ) 
C1 C2 C3 C4 -0.39(18)   C17 C1 C2 C15 5.9(3) 
C1 C2 C3 C14 179.22(15)   C17 C1 N1 C4 176.04(15) 
C1 C2 C15 C16 82.2(2)   C17 C1 N1 B1 2.3(3) 
C1 N1 B1 N2 -176.71(14)   C18 C5 C6 C7 0.2(3) 
C1 N1 B1 O3 -53.0(2)   C18 C5 C6 N2 -178.97(14) 
C1 N1 B1 O4 63.2(2)   C18 C19 C20 C21 0.8(3) 
C2 C1 N1 C4 -0.86(18)   C19 C18 C23 C22 0.0(3) 
C2 C1 N1 B1 -174.63(14)   C19 C20 C21 C22 -0.3(3) 
C2 C3 C4 C5 -178.50(17)   C19 C20 C21 C24 177.10(16) 
C2 C3 C4 N1 -0.12(18)   C20 C21 C22 C23 -0.3(3) 
C3 C2 C15 C16 -95.5(2)   C20 C21 C24 O1 -176.47(17) 
C3 C4 C5 C6 178.78(17)   C20 C21 C24 O2 2.7(2) 
C3 C4 C5 C18 -2.0(3)   C21 C22 C23 C18 0.4(3) 
C3 C4 N1 C1 0.61(18)   C21 C24 O2 C25 -178.78(14) 
C3 C4 N1 B1 174.42(14)   C22 C21 C24 O1 0.9(3) 
C4 C5 C6 C7 179.38(16)   C22 C21 C24 O2 -179.93(15) 
C4 C5 C6 N2 0.2(2)   C23 C18 C19 C20 -0.6(3) 
C4 C5 C18 C19 90.7(2)   C24 C21 C22 C23 -177.78(16) 
C4 C5 C18 C23 -91.2(2)   C26 C27 C28 C29 -0.1(3) 
C4 N1 B1 N2 10.6(2)   C26 O4 B1 N1 63.96(18) 
C4 N1 B1 O3 134.27(15)   C26 O4 B1 N2 -53.62(19) 
C4 N1 B1 O4 -109.57(16)   C26 O4 B1 O3 -174.48(13) 
C5 C4 N1 C1 179.23(14)   C27 C26 C31 C30 0.0(3) 
C5 C4 N1 B1 -7.0(2)   C27 C26 O4 B1 -86.23(19) 
C5 C6 C7 C8 -177.95(17)   C27 C28 C29 C30 0.1(3) 
C5 C6 C7 C13 2.7(3)   C27 C28 C29 C32 -179.70(16) 
C5 C6 N2 C9 178.37(14)   C28 C29 C30 C31 0.0(3) 
C5 C6 N2 B1 5.3(2)   C28 C29 C32 O5 176.92(18) 
C5 C18 C19 C20 177.48(16)   C29 C30 C31 C26 0.0(3) 
C5 C18 C23 C22 -178.07(16)   C30 C29 C32 O5 -2.9(3) 
C6 C5 C18 C19 -90.09(19)   C31 C26 C27 C28 0.1(3) 
C6 C5 C18 C23 88.0(2)   C31 C26 O4 B1 97.08(18) 
C6 C7 C8 C9 -1.09(18)   C32 C29 C30 C31 179.74(17) 
C6 C7 C8 C11 175.94(16)   C33 C34 C35 C36 -0.5(3) 
C6 N2 B1 N1 -9.7(2)   C33 O3 B1 N1 -71.55(19) 
C6 N2 B1 O3 -133.81(15)   C33 O3 B1 N2 48.8(2) 
C6 N2 B1 O4 110.38(17)   C33 O3 B1 O4 168.49(13) 
C7 C6 N2 C9 -0.97(18)   C34 C33 C38 C37 0.4(3) 
C7 C6 N2 B1 -174.01(14)   C34 C33 O3 B1 19.4(3) 
C7 C8 C9 C10 -177.91(15)   C34 C35 C36 C37 -0.1(3) 
C7 C8 C9 N2 0.52(19)   C34 C35 C36 C39 -179.32(17) 
C7 C8 C11 C12 -79.2(2)   C35 C36 C37 C38 0.8(3) 
C8 C9 N2 C6 0.29(18)   C35 C36 C39 O6 -0.3(3) 
C8 C9 N2 B1 173.30(14)   C36 C37 C38 C33 -1.0(3) 
C9 C8 C11 C12 97.4(2)   C37 C36 C39 O6 -179.54(19) 
C9 N2 B1 N1 178.42(14)   C38 C33 C34 C35 0.3(3) 
C9 N2 B1 O3 54.3(2)   C38 C33 O3 B1 -161.22(15) 
C9 N2 B1 O4 -61.5(2)   C39 C36 C37 C38 -179.90(17) 
C10 C9 N2 C6 178.77(15)   N1 C1 C2 C3 0.79(19) 
C10 C9 N2 B1 -8.2(2)   N1 C1 C2 C15 -177.33(15) 
C11 C8 C9 C10 5.0(3)   N1 C4 C5 C6 0.6(2) 
C11 C8 C9 N2 -176.60(15)   N1 C4 C5 C18 179.74(14) 
C13 C7 C8 C9 178.24(15)   N2 C6 C7 C8 1.27(18) 
C13 C7 C8 C11 -4.7(3)   N2 C6 C7 C13 -178.03(15) 
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C14 C3 C4 C5 1.9(3)   O1 C24 O2 C25 0.3(3) 
C14 C3 C4 N1 -179.72(15)   O3 C33 C34 C35 179.71(16) 
C15 C2 C3 C4 177.61(16)   O3 C33 C38 C37 -179.00(16) 
C15 C2 C3 C14 -2.8(3)   O4 C26 C27 C28 -176.59(15) 
C17 C1 C2 C3 -175.99(16)   O4 C26 C31 C30 176.68(15) 
  
Table S7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) for 3.  
Atom x y z U(eq) 
H10A 4773 -1601 1456 32 
H10B 5960 -1322 1678 32 
H10C 5003 -462 1084 32 
H11A 5282 -2362 3200 25 
H11B 4188 -2130 4362 25 
H12A 6469 -1353 3593 44 
H12B 6472 -2359 4326 44 
H12C 5337 -1046 4745 44 
H13A 2496 -656 5573 31 
H13B 904 256 5651 31 
H13C 2028 702 5768 31 
H14A -2523 5527 4237 32 
H14B -1432 4931 4827 32 
H14C -2471 4365 4753 32 
H15A -866 5762 1554 27 
H15B -2001 6133 2705 27 
H16A -2147 4764 1253 46 
H16B -3199 6106 1606 46 
H16C -3295 5167 2398 46 
H17A 2076 2741 331 37 
H17B 1756 4074 486 37 
H17C 560 3735 346 37 
H19 -1622 1916 5197 23 
H20 -2934 2373 6944 24 
H22 -234 3722 7157 26 
H23 1099 3236 5417 25 
H25A -4055 3450 10130 42 
H25B -5070 2916 9957 42 
H25C -5400 4247 9808 42 
H27 2885 3961 2029 27 
H28 3610 4773 3050 29 
H30 6523 1587 3231 30 
H31 5815 762 2211 27 
H32 5131 4607 4015 34 
H34 267 1015 2438 28 
H35 -996 -78 2428 30 
H37 1907 -1626 -375 30 
H38 3214 -567 -361 26 
H39 -107 -2166 428 38 
$  
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Figure 1: 1H NMR spectrum of 3 (CDCl3, 300 MHz, 298 K). 
 
Figure 2: 13C NMR spectrum of 3 (CDCl3, 75 MHz, 298 K). 




Figure 3: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 
590 nm) spectra of 3 in 2-MeTHF at room temperature. 













Figure 5: 1H NMR spectrum of 4 (CDCl3, 300 MHz, 298 K). 
 
Figure 6: 13C NMR spectrum of 4 (CDCl3, 75 MHz, 298 K). 
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Figure 7: HRMS (ESI) mass spectra of 4. 




Figure 8: 1H NMR spectrum of 5 (CDCl3, 300 MHz, 298 K) 
 
 










Figure 10: 1H NMR spectrum of 6 (CDCl3, 300 MHz, 298 K) 
 
Figure 11: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 590 
nm) spectra of 6 in 2-MeTHF at room temperature. 
 





Figure 12: ESI mass spectra and HRMS (ESI) mass spectra of 6. 
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Figure 13: 1H NMR spectrum of 8 (CDCl3, 300 MHz, 298 K) 
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Figure 16: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 590 
nm) spectra of 8 in 2-MeTHF at room temperature. 
 
Figure 17: 1H NMR spectrum of 9 (CDCl3, 300 MHz, 298 K) 
 




Figure 18: 13C NMR spectrum of 9 (CDCl3, 75 MHz, 298 K). 
 
Figure 19: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 610 
nm) spectra of 9 in 2-MeTHF at room temperature. 





Figure 20: ESI mass spectra and HRMS (ESI) mass spectra of 9. 
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Figure 23: 1H NMR spectrum of 11 (CDCl3, 300 MHz, 298 K). 
 





































Figure 26: HPLC traces of compound 12 with a detection at 254 nm, method: linear gradient 
solvent B: 0-100 % in 5 min. 
      
   
   
     
 
 
        
       
     
     
No. Ret.Time Peak Name Height Area Rel.Area Amount Type 
min mAU mAU*min %
1  2,70      n.a. 3,237 0,140 1,39    n.a. BMB*
2  2,89      n.a. 223,785 9,884 98,61    n.a. BMB
Total: 227,022 10,023 100,00    0,000 
















Figure 27: HRMS (ESI) mass spectra of 12. 
 
Figure 28: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 590 

































Figure 29: HPLC traces of 13 with a detection at 254 nm, method: linear gradient solvent B: 
0-100 % in 5 min. 
      
   
   
     
 
 
        
       
     
     
No. Ret.Time Peak Name Height Area Rel.Area Amount Type 
min mAU mAU*min %
1  3,06      n.a. 0,186 0,015 1,61    n.a. BMB*
2  3,23      n.a. 20,294 0,893 98,39    n.a. BMB*
Total: 20,480 0,908 100,00    0,000 












































Figure 31: Absorption (black), fluorescence (red, λex= 470 nm) and excitation (blue, λem= 590 














Figure 32: 1H NMR spectrum of 15 (CDCl3, 300 MHz, 298 K). 
 











Figure 34: HRMS (ESI) mass spectra of 15 (up = experimental, down = theoretical). 
 
C:\Xcalibur\data\13bb_30_me_1 7/12/2013 2:56:56 PM 13bb_30_me
13bb_30_me_1 #2-20 RT: 0.01-0.11 AV: 19 NL: 5.01E6
T: FTMS + p ESI Full ms [100.00-1500.00]













































C:\Xcalibur\data\13bb_30_me_1 7/12/2013 2:56:56 PM 13bb_30_me










































































13bb_30_me_1#2-20  RT: 
0.01-0.11  AV: 19 T: FTMS + 




C 43 H 42 B 1 F 2 N 3 O 3 +Na: 
C 43 H 42 B 1 F 2 N 3 O 3 Na 1
p (gss, s /p:40) Chrg 1
R: 20000 Res .Pwr . @FWHM




Figure 35: Absorption (black), fluorescence (red, λex= 550 nm) and excitation (blue, λem= 750 
nm) spectra of 15 in 2-MeTHF at room temperature. 
 






























Figure 37: ESI spectra and HRMS (ESI) mass spectra of 16. 
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Figure 38: Absorption (black), fluorescence (red, λex= 560 nm) and excitation (blue, λem= 780 
nm) spectra of 16 in 2-MeTHF at room temperature. 




Figure 39: HPLC traces of 17 with a detection at 254 nm, method: linear gradient solvent B: 
0-100 % in 5 min. 
      
   
   
     
 
 
        
       
     
     
No. Ret.Time Peak Name Height Area Rel.Area Amount Type 
min mAU mAU*min %
1  3,17      n.a. 0,715 0,034 1,63    n.a. BMB*
2  3,57      n.a. 42,703 2,039 98,37    n.a. BMB*
Total: 43,418 2,073 100,00    0,000 

















Figure 40: HRMS (ESI) mass spectra of 17. 
 























Figure 42: 1H NMR spectrum of 19 (CDCl3, 300 MHz, 298 K). 
 










Figure 44: HRMS (ESI) mass spectra of 19 (up = experimental, down = theoretical). 
 
Figure 45: Absorption (black), fluorescence (red, λex= 510 nm) and excitation (blue, λem= 670 
nm) spectra of 19 in 2-MeTHF at room temperature. 
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Figure 46: 1H NMR spectrum of 20 (CDCl3, 300 MHz, 298 K). 
 




Figure 47: Absorption (black), fluorescence (red, λex= 510 nm) and excitation (blue, λem= 620 
nm) spectra of 20 in 2-MeTHF at room temperature. 
 




Figure 48: HRMS (ESI) mass spectra of 20. 




Figure 49: HPLC traces of 21 with a detection at 254 nm, method: linear gradient solvent B: 
0-100 % in 5 min. 
 
      
   
   
     
 
 
        
       
     
     
No. Ret.Time Peak Name Height Area Rel.Area Amount Type 
min mAU mAU*min %
1  3,18      n.a. 0,599 0,023 3,37    n.a. BMB*
2  3,28      n.a. 0,268 0,009 1,27    n.a. BMb*
3  3,37      n.a. 13,405 0,645 95,37    n.a. bMB*
Total: 14,272 0,676 100,00    0,000 
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Figure 50: HRMS (ESI) mass spectra of 21. 
 
Figure 51: Absorption (black), fluorescence (red, λex= 510 nm) and excitation (blue, λem= 620 






































































Figure 52: HPLC trace of the peptide BBN with a detection at 254 nm, method: linear 
gradientsolvent B: 0-100 % in 5 min. 
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Figure S5: 1H NMR spectrum (300 MHz, 298 K, CDCl3) of 5-(4-(carboxy)phenyl)-10,15,20-











































































































































































































































































































































































































Figure S14: Absorption spectra of compounds 1 + ZnTPP (blue) and compound 4 (red) in 2-
MeTHF, at 298K. 












Figure S15: Absorption spectra of compounds 1 + 2 (blue) and compound 3 (red) in 2-
MeTHF, at 298K. 









Figure S16: Emission spectra of compounds 4 (green), 1 (blue, λexc = 530 nm), and ZnTPP 
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Figure S1: Absorbance spectra (in 2-MeTHF) and picture of solutions containing 
compounds 2, 7 and 3 illutrating the real colors of red, green and blue-BODIPY.. 
 
 
Figure S2: Fluorescence spectra (in 2-MeTHF) of solutions containing compounds 
2, 7 and 3. 
 

























































Figure S5. Absorption (black), fluorescence (red, λex= 540 nm) and excitation                    







































Figure S7. ESI mass spectra and HRMS (ESI) mass spectra of 2                                            
(up = experimental, down = theoretical) 
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Figure S8. Absorption (black), fluorescence (red, λex= 470 nm) and excitation                  







































Figure S10. HRMS (ESI) mass spectra of 3 (up = experimental, down = theoretical) 
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Figure S11.  Absorption (black), fluorescence (red, λex= 550 nm) and excitation               
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Figure S13. MALDI/TOF mass spectra and HRMS (ESI) mass spectra of 4. 
 
Figure S14. Absorption (black), fluorescence (red, λex= 470 nm) and excitation                  
















































































Figure S17.  Absorption (black), fluorescence (red, λex= 550 nm) and excitation                 
(blue, λem= 740 nm) spectra of 5 in 2-MeTHF at room temperature. 
 
 


































Figure S19.  HRMS (ESI) mass spectra of 6 (up = experimental, down = theoretical) 
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Figure S20.  Absorption (black), fluorescence (red, λex= 510 nm) and excitation                  
(blue, λem= 750 nm) spectra of 6 in 2-MeTHF at room temperature. 
 
 



































Figure S22.  HRMS (ESI) mass spectra of 7 (up = experimental, down = theoretical) 
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Figure S23.  Absorption (black), fluorescence (red, λex= 510 nm) and excitation               
(blue, λem= 670 nm) spectra of 7 in 2-MeTHF at room temperature. 
 

























































































Figure S26.  Absorption (black), fluorescence (red, λex= 550 nm) and excitation                   
(blue, λem= 670 nm) spectra of 8 in 2-MeTHF at room temperature. 
 
 









































































Figure S29.  Absorption (black), fluorescence (red, λex= 510 nm) and excitation                   
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